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O(150)fb-1 O(300)fb-130 fb-1

SPLICES INIETTORI low-β triplets

Rates di riferimento (ATLAS/CMS) 
per HL-LHC:
• L~ 5-7.5 E34 Hz/cm2

• <PU> ~ 140-200 int / bx 



Fisica di precisione → oltre il MS

• Prospettive nel settore dell’Higgs
- Accoppiamenti a qualche %
- processi rari H→ µµ, H → Z γ
- self-coupling: σ(HH) ~ 1/1000 σ(H)

• Vector Boson Scattering
• Decadimenti rari del B

- (es.) FCNC in Bd,s → µµ
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2.1 The physics opportunities at the HL-LHC 7

Figure 5: Bs,d ! µ+µ� with integrated luminosity of 300 fb�1 (left) and 3000 fb�1(right).

of supersymmetric particles that respected R-parity would likely be a big step forward in our
understanding of dark matter. However several more generic techniques for looking for dark
matter have been developed over the last few years. These look for an excess of events with
large missing ET, accompanied by a single SM object such as a jet, photon, or vector boson,
which could come from initial state radiation and also provides a trigger. These searches turn
out to be competitive with the direct search experiments in certain regions of comparison, and
projections indicate that the high luminosity upgrade of the LHC can pursue this search below
the level of neutrino coherent scattering, which will be a concern, and possibly a limit, for the
direct experiments [7]. For this program to be successful in CMS, it is particularly essential that
the quality of the missing ET measurement is kept at a similar level as for the present data.

Another exciting possibility is to use the Higgs boson as a search tool for dark matter. The
Higgs boson may well be a portal connecting the standard model with other new physics sec-
tors, such as the dark sector. In that case, and if the dark matter particle is relatively light,
the search for dark matter in the decay of Higgs particles, via the so called “invisible decay”
channel will be an important channel. A new channel proposed for a dark matter search is
mono-Higgs production [8] similar to e.g. the mono-jet signature, except that the Higgs is
emitted in the final state from the produced dark matter particles. For this channel the high
luminosity of the HL-LHC will be essential.

In the event of a discovery during the first phase of the LHC, the large dataset of the HL-LHC
will be critical to unveil the nature of the observed new particles. This will require precise
measurement of their properties, such as production cross sections, masses, and spin-parity. It
will also be essential to extend the searches of other related new physics signals.

In parallel to the searches for new physics and in support of these discovery topics, many mea-
surements of SM phenomena will be made at the HL-LHC. In addition to high statistics mea-
surements that can provide insight into these processes, they will also help define SM “back-
grounds” that must be known and well-modelled to carry out the discovery portion of the pro-
gram. For example, parton distribution functions (PDFs) of the proton are crucial ingredients
of measurements at the LHC. Future Higgs boson coupling measurements will be limited by
PDF uncertainties unless significant progress is made. Other precision measurements, like the
measurement of the W boson mass, the effective lepton mixing angle, and the strong coupling
constant aS, have large uncertainties from PDFs. If new physics phenomena are discovered,
their characterization will also suffer from PDF uncertainties, e.g. for gluino or squark produc-
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ionizing dose (TID) of 12 MGy (1.2 Grad) at the centre of the CMS experiment, the location219

where the innermost silicon pixel tracking layers will be installed.220

The HL-LHC upgrade is accompanied by an upgrade program of the CMS experiment, to221

maintain the excellent performance of the detector and to allow us to fully profit from the222

HL-LHC capabilities, in spite of the challenging radiation levels and operating conditions, e.g.223

the very high number of pileup events.224
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The HL-LHC upgrade will greatly expand the physics potential of the LHC, in particular for226

rare and so far statistically limited standard model (SM) and beyond standard model (BSM)227

processes [12–14].228

An example is the study of the SM Higgs boson Yukawa couplings. The HL-LHC will allow229

CMS to achieve per cent level precision for many Higgs couplings, including the coupling to230

muons, which has a branching fraction of only ⇠ 10�4. Figure 1.2 illustrates the remarkable231

improvement of the precision of the Higgs coupling measurement from the Run 1 analysis [15]232

(left) to the HL-LHC conditions [12] (right).233

The Higgs boson self-coupling is a crucial aspect of Higgs physics, as it probes the Higgs field234

potential. The Higgs boson pair production cross section is about a factor 1000 smaller than the235

one for single Higgs production. Nevertheless, a measurement of the trilinear Higgs coupling236

is expected to become feasible at the HL-LHC.237

The processes of vector boson scattering are tightly linked to electroweak symmetry breaking238

and the role of the Higgs boson. They are experimentally challenging, due to small cross sec-239

tions in the SM and the large and irreducible backgrounds. The luminosity increase provided240

by the HL-LHC will allow these channels to be explored.241

The discovery potential for many BSM studies, including searches for Supersymmetry (SUSY),242
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Figure 1.2: Higgs couplings to fermions (Yukawa coupling, l f ) and bosons (parametrized as
(gV/2v)1/2, where v is the SM Higgs boson vacuum expectation value) as measured using
Run 1 data (left), and projection for the uncertainties, assuming standard model couplings, for
an integrated luminosity of 3000 fb�1 (right), both as a function of the decay particle’s mass.
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Figure 1.2: Higgs couplings to fermions (Yukawa coupling, l f ) and bosons (parametrized as
(gV/2v)1/2, where v is the SM Higgs boson vacuum expectation value) as measured using
Run 1 data (left), and projection for the uncertainties, assuming standard model couplings, for
an integrated luminosity of 3000 fb�1 (right), both as a function of the decay particle’s mass.https://agenda.infn.it/conferenceDisplay.py?confId=13658

https://agenda.infn.it/conferenceDisplay.py?confId=13658


Alcune considerazioni generali

Alti livelli di radiazione alto data rate
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"" Two"major"moTvaTons"for"the"upgrades"

CMS"radiaTon"dose"map,"neutron"equivalent"fluence"and"parTcle"rates"for"luminosiTes"of"
3000"a,1"(integrated)"and"5"x"1034"Hz/cm2"(instantaneous)"

•  Unprecedented"radiaTon"doses"!"replace"Tracker"and"End"cap"Calorimeters"
and"use"new"technics"also"for"forward"muon"detectors"

•  Much"higher"data"flows"!"replace"most"of"the"readout"systems"

uso TRK @ Lv1 (Track Trigger)

2
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Fig. 1: Data flow architecture of the CMS trigger and data
acquisition system (on the left), compared to a more
conventional architecture using a dedicated Level-2 trigger.
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Figure 14: Architettura del flusso dei dati nel sistema di acquisizione di CMS.

e sfruttando una ricostruzione parziale e più granulare dell’evento, ed applicando un
menù più ampio e dettagliato di condizioni per giungere alla decisione finale.

Le decisioni del L1 sono basate su informazioni “grezze” provenienti dai soli rive-
latori per muoni, da ECAL e da HCAL. Nei calorimetri viene considerata la somma
del segnale (tratto da canali di elettronica dedicati) proveniente da regioni angolari
discrete (“trigger towers”). Il sistema a muoni è dotato di complesso sistema che
correla i segnali delle camere a deriva (nel barrel) delle camere a strip (negli endcap)
e dei rivelatori RPC (sia barrel che endcap) quando questi sono allineati lungo tracce
a grande raggio di curvatura, compatibili con muoni di impulso superiore a soglie
predeterminate, ovviamente con una certa approssimazione. Va qui notato che, a
di↵erenza dei sistemi comuni, le camere a deriva ed a strip di CMS hanno una ge-
ometria che le rende capaci di fornire autonomamente delle primitive di trigger, alle
quali si aggiungono quelle fornite dal sistema di RPC. Il L1 ha una latenza di circa
3 µs ed è stato implementato a livello hardware utilizzando sia ASIC (“Application-
specific integrated circuit”, cioè circuiti integrati sviluppati appositamente) che FPGA
(“field-programmable gate array”, cioè circuiti integrati commerciali che possono es-
sere configurati e programmati a posteriori).

Quando un evento viene accettato dal L1 le informazioni di tutti i rivelatori rel-
ative a quell’evento, registrate nella appropriata cella nelle pipeline dell’elettronica
di lettura, vengono trasferite al sistema di acqisizione centrale. In questo passaggio
i dati transitano dal sistema di acquisizione specifico di ciascun rivelatore, dove ven-

24

HLT (sw)
•  2-300 Hz → 7.5 kHz

L1 trigger (hw)
•  rate 100KHz → 750 kHz
•  latency ~ 3 μs  → 12.5 μs
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Phase-2 Overview

6/18/2016 A. Belloni :: CMS Upgrades - LHCP2016 8

• Nuovo tracciatore: px+outer 
tracker
- Rad. tolerant - più leggero - 

maggiore granularità
- r/o selettivo a 40 MHz per L1 trigger
- Accettanza estesa fino a η≃3.8 

Nuovo endcap “High 
Granularity Calorimeter”
- Rad. tolerant 
- segmentazione trasversale 

e longitudinale
- capacità di timing

+ NEW TRIGGER

Potenziamento rivelazione µ
- nuova elettronica FE/BE per (DT+CSC)
- complete RPC coverage 1.6 < η <2.4
- µ-tagging ad alto η: GEM/iRPC per 2.4<η<3

ECAL B:
-  diminuita T (8 deg) → mitigato 

l’effetto della rad. sulla risoluzione
- nuovi VFE/FE/BE GBT @ 10Gbps 
→ trasferimento dati dai cx a 40 
MHz

CMS, phase 2 upgrades
• timing detectors (MTD)

✓ barrel: LYSO con lettura veloce (SiPM)
✓ endcap: LGADs rivelatori al Si con guadagno interno

• riduzione effetti del PU di un fattore 4-5
• uso dell’info temporale (~ 30 ps) da:
- ECAL (γ), HGCAL (HEH + γ), Timing Layers



Tracker Upgrade



Tracker phase1: the end
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Axel König 24.05.2017 

Why do we need an upgrade? 

3 

1.  To fully exploit the high luminosity conditions 
2.  Design limitations of current tracker will be exceeded by far 

Design limitations of current Tracker HL-LHC conditions 

Pileup 20-30 140-200 

int. lumi. < 1000 fb-1 3000-4000 fb-1 

Simulation of non-functional 
modules of the current tracker 
(in blue) after 1000 fb-1 int. 
luminosity. 

3.  Radiation damage will lead to many non-functional modules    
Ø  Increased leakage current 

cannot be compensated by 
cooling anymore 



New Phase2 Tracker

!8

tracciatura fino a η=4
L1 track trigger fino a η = 2.4
alta granularità
material budget ridotto

TB2S = Tracker Barrel Strip Strip
TBPS = Tracker Barrel Pixel Strip
TEDD = Tracker Endcap Disks

TBPX = Tracker Barrel Pixel
TFPX = Tracker Forward Pixel
TEPX = Tracker Endcap Pixel

TB2S

TBPS
TEDD

TBPX TFPX
TEPX

sensori n-in-p

OT

IT

	 5	

	

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. 

A	full	Monte	Carlo	simulation	of	LHC	events	with	high	pileup	was	used	to	predict	the	
detector	performance	and	overall	physics	capabilities	of	the	upgraded	CMS	detector,	
with	 reconstruction	 algorithms	 optimized	 for	 the	 new	 detector.	 The	 CMS	 detector	
response	was	simulated	using	the	official	CMS	software	package	CMSSW,	also	used	
for	the	simulation	of	the	present	detector	and	for	the	analysis	of	the	data	collected	so	
far.	 	The	detector	geometry	and	materials	were	described	and	simulated	using	 the	
Geant4	 toolkit.	 The	 simulation	 also	 takes	 into	 account	 the	 effect	 of	 the	 3.8	 T	 CMS	
magnetic	 field,	using	a	detailed	 field	map	 in	 the	reconstruction	step.	CMSSW	reads	
the	 individual	 generated	 events	 and	 simulates	 the	 effects	 of	 energy	 loss,	 multiple	
scattering,	 and	 showering	 in	 the	 detector	 materials	 with	 Geant4.	 The	 digitization	
(simulation	of	the	electronic	response),	the	emulation	of	the	level-1	trigger,	and	the	
offline	reconstruction	of	physics	objects	are	performed	as	well.	

As	an	example	of	the	foreseen	performance,	the	tracking	efficiency	and	fake	rate	in	tt	
events	in	a	high-pileup	environment	is	shown	in	the	two	panels	of	Figure	4	and	the	
b-tagging	efficiency	vs	purity	curve	is	given	in	Figure	5.		

	
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 pT > 
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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Pt discriminating modules

!917.02.2016 G.Sguazzoni

PT-module concept
• Only high-PT tracks data are sent out @40MHz to save bandwidth and 

ease a fast track reconstruction
• PT discrimination based on local spatial hit correlation on two 

appropriately spaced sensors

‣profits from the high CMS B-field
‣ relies on hybrid flex technology
‣only high-PT pairs (stubs) are 

selected (threshold ~2GeV)
‣ threshold fixed by the sensor 
spacing (that depends on the 
distance with respect to the beam 
line) and by a configurable discrete 
hit matching window
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!! Tracker"design"

EE!

! Requires"low,power"GBT"with"high"bandwidth"to"overcome"performance"limitaTons"in"
trigger"and"data"transfer"for"inner"layers""

! BE"electronics:"AssociaTve"Memories"+"FPGA"or"FPGAs"only"with"two"schemes"for"
algorithms"&"cabling","requires"high"processing"power"&"bandwidth,"short"latency"for"
trigger"object"formaTon","demonstrators"are"becoming"available"

OT"modules"with"2"sensors"spaced"by"few"mm"and"readout"by"the"same"ASIC"Chip""
measure"bending"of"parTcles"in"high"B,field"and"transfer"hits"for"tracks"with"Pt"�"2"GeV"at"40"
MHz,"track"reconstrucTon"in"Back,End"electronics"for"L1,Trigger"

(K."Hahn’s"presentaTon)"
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CMS Tracker Layout
Mersi – ACES 2016

CMS

Providing tracks for trigger

Tracker Back-endOuter Tracker Front-end

?

Readout
Track
Find

CMS
Level-1

@ 40 MHz – Bunch crossing
@ 750 kHz – CMS Level-1 trigger

CMS
DAQ

Stubs only

Full data

Level-1 accept

Level-1 “stubs” are processed in the back-end

Form Level-1 tracks, pT above ~ 2 GeV, 
contributing to CMS Level-1 trigger

Gli “stub” vengono inviati al BE 
ed utilizzati per creare tracce a 
L1 con pt > 2 GeV @ 40MHz




OT Modules
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Front-End Hybrids topologies

10/OCT/2018 G. Blanchot 2

Cooling Set Point: -30 ºC

2S Modules

� 2 Strip Sensors: 2 × 1016 strips 5cm × 90 µm per side

� 90 cm2 active area

� For R > 60 cm

� Spacing 1.8 mm and 4.0 mm

� Two front-end hybrids and one service hybrid

(opto + power).

PS Modules

� Pixel + Strip Sensors

� 2 × 960 Strips 2.5 cm × 100 µm

� 32 ×960 macro-pixels 1.5 mm × 100 µm

� 45 cm2 active area

� For R > 20 cm

� Spacing 1.6 mm, 2.6 mm and 4.0 mm

2S 
module

PS 
Module total

7680 5616 13296

Critical assembly requirements: 

Misalignment of strips on both sensors < 40 µm 

! 2S: Δ𝜙 < 400 µrad; PS: : Δ𝜙 < 800 µrad 

PS

2S

Service Hybrid

Power Hybrid
Front End Hybrids

readout Hybrid

Front End Hybrids
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Challenging Design Constraints

10/OCT/2018 G. Blanchot 3

PS Hybrid

2S Hybrid

� High density interconnect: 42.5 µm tracks width and spacing.

� Laser copper filled microvias on all layers: 25 µm laser drills, 120 µm capture pads.

� Tight fold.

� High pin-count 250 µm pitch flip chips: CBC3, SSA, CIC.

� High speed 90 Ω differential pairs in 150 µm thin flex.

� All these constraints are on technological edge for flexible circuit manufacturers.

CBC = CMS Binary Chip
CIC = Concentrator 
Integrated Circuit

SSA = Short Strip ASIC
MPA =Macro Pixel ASIC

LpGBT = Low Power Gigabit 
Transceiver
VL+ = Versatile Link Plus
VTRx+ = Versatile 
TRansceiver Plus

DTC = Data, Trigger and 
Control Board
3 data streams: Data,TRIG, 
Timing and Control

2S prototyping constraints

10/OCT/2018 G. Blanchot 8

� Lack of CIC, lpGBT and VL+ imposed direct handling of CBC signals so far.

� Interface boards required for every prototype: extra connectors, connection tails

� Readout only possible with a dedicated back-end setup (DAQ team).

� All these parallel developments considerably overload development tasks for hybrids.

� Difficulties to obtain stiffeners: quantity, quality.

� Production delays: price enquiry (8 wks), manufacturing (16 wks), acceptance (4 wks)

CBC3

CBC3

CBC3

CBC3

CBC3

CBC3

CBC3

CBC3

48
Differential
Pairs

CIC 6 Diff.P. lpGBT VL+

DCDC
Power

Data
Data

Data

Fiber

2S Hybrid

� Reminder: PS-FEH only functions if connected to MAPSA.

� Without MAPSA: connect to emulator with POGO socket.

� Qualified on PS-MCK, now being defined with mechanical 

engineers for full size PS-FEH prototype.

� After validation of CIC1 on 8CBC3, tune CIC2 for PS compatibility.

� High voltage biasing and LV filtering is defined.

� Hybrid geometries are being defined now.

� SSA available now, CIC1 available Q1 2019, unavoidable delay for 

first full size PS proto order.

� Must also conclude Stiffener Test Plan.

PS-FEH Full Size Prototype

10/OCT/2018 G. Blanchot 13

CIC I/O

POGO Socket

Strips Sensor

Pixels Sensor

8×SSA

8×MPA

CIC Service 
Hybrid

PS Hybrid

MAPSA

data path: moduli 2S data path: moduli PS
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Service Hybrids in 2S and PS Modules

2S SEH
2 variants, differing in cable length

PS Power Hybrid (POH)
3 variants, differing in cable length

Shield; DC-DC converters 
are underneath

Input voltage 
connectorsLow power 

GBT (LpGBT)

VTRx+
opto-electrical
converter

Flex cable,
two lengths

Bias voltage circuit Fold-over Kapton flex tails: supply of bias voltage to sensors
+ 1 thermisor to measure sensor temperature

PS Readout Hybrid (ROH)

Katja Klein 3

Connectors  
to FE hybrid

Shield; 
DC-DC converters 
underneath

Input voltage 
connector

LpGBT VTRx+ Connection 
to FE hybrid

Flex cable,
three lengths

bPOL12V
1 x VTRx+
I = 0.12A

16 x CBC3
2 x CIC
1 x LpGBT
1 x VTRx+
I = 2.7A

~11V 2.55V

1.25V
bPOL2V5

CF stiffener
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Axel König 24.05.2017 

Outer Tracker mechanics – inner layers 

11 

Innermost layer of outer tracker  •  PS modules tilted towards the 
interaction point  

•  Tilt angles: 47° to 74° 
•  Modules of flat section 

supported by plank structures  
•  Foam core with carbon fibre 

skins 
•  Cooling pipe in mid of the 

plank 
•  Phase change thermal 

interface material for thermal 
connection of modules 

•  Tilted modules placed on ring 
structures (carbon fibre foam 
sandwich) 

•  High conductivity carbon fibre / 
epoxy laminate used to attach 
modules to support ring 

  

Plank structure 

Ring structure 
Axel König 24.05.2017 

Outer Tracker mechanics – outer layers 

12 

•  Barrel mechanics 
•  2S modules mounted on ladders (12 

modules per ladder) 
•  Made out of carbon fibre C-shaped 

profiles 
•  Cooling pipes transits full length of 

ladder 
•  Ladders are supported by wheel  

•  Essentially a copy of the wheel 
used for the current tracker 

•  Endcap discs  
•  Split in half discs à two are grouped to form 

a double disc 
•  Lower radii à PS modules 
•  Higher radii à 2S modules 
•  Cooling pipes run inside the sandwich 

structure of the discs   
Half endcap disc 

Support wheel 

Ladder 

Moduli 2S Moduli PS



Ruolo italiano in OT

• Centri produzioni moduli (Ba, Pg) 

• Test sensori: (Pg)

• Elettronica : test ibridi (Ct,Ge) 

• Sistema Alimentazione: Disegno dello schema di alimentazione, specifiche, procurement per i 
power supplies (Fi) e cavi (Pg) 

• Tracking Trigger: contributo allo sviluppo e test di DTC e Track Finder. (Pi) 

• DAQ: (Ct), control e Safety System: (PI)

• Integrazione OT: (Pi) camere pulite  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Assembly centers and pledges
Center Institutions Contact Person 2S modules PS modules
Aachen RWTH Aachen Katja Klein, Oliver Pooth 1000 -

Karlsruhe KIT Stefan Maier 2000 -
Belgium ULB, VUB, Antwerpen Steven Lowette 2000 -

India NISER, IIT-BBS, IOP Bhubaneswar, SINP Kolkatta, IITM Prolay Mal, Sanjay Swain 2000 -

Pakistan NCP Islamabad Ashfaq Ahmad 2000 -

US Midwest Bethel, Fermilab, Iowa, Purdue, UC Davis, Wayne State Leonard Spiegel 1000 1250

US Northeast Brown, Princeton, Rutgers Meenakshi Narain 1000 1250
DESY DESY Doris Eckstein - 1000

Bari Bari Luigi Fiore - 1000
Perugia Perugia Claudia Checchi - 1000
Total pledged 11000 5500

Total needed 7680 5616

10/10/2018 Heintz, Mussgiller - OT Modules 16

Assembly centers and pledges
Center Institutions Contact Person 2S modules PS modules
Aachen RWTH Aachen Katja Klein, Oliver Pooth 1000 -

Karlsruhe KIT Stefan Maier 2000 -
Belgium ULB, VUB, Antwerpen Steven Lowette 2000 -

India NISER, IIT-BBS, IOP Bhubaneswar, SINP Kolkatta, IITM Prolay Mal, Sanjay Swain 2000 -

Pakistan NCP Islamabad Ashfaq Ahmad 2000 -

US Midwest Bethel, Fermilab, Iowa, Purdue, UC Davis, Wayne State Leonard Spiegel 1000 1250

US Northeast Brown, Princeton, Rutgers Meenakshi Narain 1000 1250
DESY DESY Doris Eckstein - 1000

Bari Bari Luigi Fiore - 1000
Perugia Perugia Claudia Checchi - 1000
Total pledged 11000 5500

Total needed 7680 5616

10/10/2018 Heintz, Mussgiller - OT Modules 16

Produzione moduli OT

Produzione e montaggio di 72 rings del Tilted Barrel (TBPS)
1920 PS modules → (≈ 40 m2  superficie)
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~ 18 mm

~ 35 mm

~ 44 mm

Inner Tracker
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2-chip modules: TBPX L1, L2 & R1, R2 (“4A” chains)
4-chip modules: TBPX L3, L4 & R3, R4, R5 (“8A” chains)

In 3000 fb 1:
•Dose up to 1.2 Grad 
•hadron fluence up to 2.3 E16 neq/cm2 

 ~ 3 GHz/cm2 hit rate
50x50  or. 150x25 µm2  pixel cells

~ 13.2 k r/o chips 

moduli
2-chip 1892
4-chip 2352

4244



IT Modules Design
• alimentazione serial powering
• ROC è il solo componente attivo 

sul modulo
- il sistema di trasmissione ottica col 

backend (DAQ e controllo) è 
staccato dal modulo e localizzato 
su apposite “port cards” alla 
periferia del detector

- e-link tra ROC e “port cards”

!16

||IPA – Institute for Particle Physics and Astrophysics

Option 1: module design

14/12/2017Malte Backhaus 5

Power + HV 
connector

e-link:
data, clk/cmd

Try to facilitate connection/integration and increase robustness (less connectors) 
using dedicated HDI design. Need to compensate for CTE mismatch of kapton vs. 
carbon

Pro’s:
� Module flex with frame for handling 

during testing, reliable and robust 
connector for testing

� The “pigtail” to the frame could serve 
as cable and connector to the next 
module after cutting (dashed line)

Æ One connector less per module 
needed for serial powering chain

Con’s:
� Difficult integration due to short flexible

tail?
� Pre-bending of flexes needed

||IPA – Institute for Particle Physics and Astrophysics

Option 1: connection to chains

14/12/2017Malte Backhaus 6

First idea how a barrel chain could look like… Shown is a half ladder (one side)

center

to services

High Density Interconnect
flex circuit (kapton):
• data out
• clock, trigger and control
• power distribution
→ collegato ai ROC tramite µwire 
bonding
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||

Perugia

2411/09/2018 F. Bianchi

Thermal conductivities

CMS Phase 2
INFN Perugia – UNIPG Department of Engineering

HDI – 200 μm - Kapton 
λ = 0.3 W/mK

Pixel Sensor – 150 μm – Silicon 
λ = 148 W/mK

PROC – 100 μm - Silicon 
λ = 148 W/mK

Module rails – 200 μm - Alumina nitride 
λ = 200 W/mK

High conductivity carbon fiber – 0.5 
mm λxz = 250 W/mK - λy = 1.5 W/mK

Housing pipe
• TPG – λxz = 1000 W/mK - λy = 6 W/mK

• Aluminum carbon fiber - λxz = 230 W/mK - λy = 120 W/mK

15/10/2018Malte Backhaus

||

� Received 100 HDI 
prototypes

� Did optical inspection, 
good first impression

� Started syst. 
measurements

15/10/2018Malte Backhaus 14

TBPX 2x2 RD52A  HDI
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4.2. The pixel module 65

Figure 4.2: Perspective view of one quarter of the Inner Tracker, showing the TBPX ladders and
TFPX and TEPX dees inside the supporting structures.

on the outer surface of the structures.1755

Initial studies have been performed to compare the options of square and rectangular pixels. In1756

terms of resolution on the track parameters, the relative differences are typically rather small,1757

with a trade-off between primary vertex discrimination and resolution on the impact parame-1758

ter. At the edges of the barrel layers, and notably for the first layer, square pixels would result1759

in very long clusters, where in each pixel the charge is collected over a path of just above 50 µm,1760

which would set more stringent requirements on the operational threshold of the chip. At the1761

same time, such long clusters would demand a larger bandwidth to read the data out.1762

For the studies presented in this report, rectangular pixels are considered in the whole Inner1763

Tracker. The possibility of additionally improving the tracking performance by using square1764

pixels in some parts of the detector will be explored further. More details on the general concept1765

and the layout of the IT are provided in Section 10.1.1766

4.2 The pixel module1767

The pixel module, comprising a pixel sensor, several PROCs, a flex circuit, and a mechanical1768

support, constitutes the basic unit of the Inner Tracker. Sensors are bump bonded to the readout1769

chips. A thin, high-density flex circuit is glued onto the sensor and wire bonded to the PROCs.1770

It ships the data out, provides clock, trigger and control signals, as well as power distribution1771

for the PROCs, and hosts all other passive and active components. The overall module concept1772

is similar to those of the Phase-0 and Phase-1 pixel detectors.1773

Low mass electrical cables connect the pixel modules to the global readout, control and pow-1774

ering systems. Heat generated on the module is removed via a layer of thermally conductive1775

carbon foam to CO2 cooling pipes, keeping the pixel chips and sensors at an operating temper-1776

TBPX

TFPX

TEPX



possibile sequenza di assemblaggio dei 
moduli pixel
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||IPA – Institute for Particle Physics and Astrophysics

Assembly procedure: Position module on jig

� Module positioning tool, alignment pins

14/12/2017Malte Backhaus 13

module (sensor + chip bump-bonded) 
positioning tool with alignment pins

||IPA – Institute for Particle Physics and Astrophysics

Assembly procedure: Module pick-up jig

� Module pick-up jig, vacuum

14/12/2017Malte Backhaus 14

module pick-up jig (vacuum)

||IPA – Institute for Particle Physics and Astrophysics

Assembly procedure: HDI positioning 
+ glue application

14/12/2017Malte Backhaus 16HDI positioning + glue application
||IPA – Institute for Particle Physics and Astrophysics

Assembly procedure: module lowering 
+ glue curing

14/12/2017Malte Backhaus 18

Module lowering + glue curing



Coinvolgimento italiano in IT
• Produzione di 1128 moduli Pixel integrati nei layer interni (L1, L2) TBPX e 

negli anelli interni (R1, R2) dei dischi 1-4 di TEPX
• Integrazione e test dell’intero TBPX

!20

• Produzioni dei moduli

• Sviluppo meccanica (PI, Pg, TO)

• Sviluppo schema serial power (FI)

• Disegno, sviluppo e procurement del backend di alimentazione (FI)

• Sviluppo del software per DAQ (MI)

• Sviluppo del chip di lettura RD53 (TO, BA, PV, BG, PI)
 

Rilevante il contributo italiano su RD53
Chip di readout in comune con i pixel di ATLAS
Sviluppo del serial powering in parallelo ai colleghi di ATLAS
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Tracker Fase-2 !
Sommario attività INFN 2018 !

13!

INDISPENSABILI 2018:

•  A c q u i s t o d e l l e i n f r a s t r u t t u r e p e r 
l’avanzamento di attivita’ fondamentali, in 
particolare: probe-stations (Pg,To), bonding 
machine (Pg), macchine a x-ray (Pi,To)

•  Sblocchi sj da sottomettere prossimamente 
per finanziare prototipi ASIC, produzione 
moduli dummy OT, moduli con RD53A 

RESPONSABILITA’:
•  G.Sguazzoni, tracker upgrade deputy project 

manager
•  S. Paoletti : work-group convener sistemi 

alimentazione
•  E. Migliore: work-group convener simulazioni ph-2
•  F.Loddo : work-group conver ASIC IT
•  L.Demaria: RD53 CB chair, membro TUSG
•  F.Palla : membro TUSG
•  M.Meschini, coord.  INFN R&D sui sensori pixel 

Sede	 Attivita'	2018	 FTE(staff/tec/n-
staff)	

BARI	
Assemblaggio	Moduli	TBPS	 2,2	 0,5	 0	

Pixel	Chip	 1	 0	 0,2	

CATANIA	
Test-beam	

1,4	 0,4	 0	
Test	FE-Hybrid	OT	

FIRENZE	

R&D	sui	sensori	px	fase2	

4,3 1,6 1,5
Serial	powering	per	l’IT	

Produzione	di	moduli	IT		

Sistema	alimentazione	(IT	e	OT)	

GENOVA	 	Service	Hybrid	di	OT	 0,3	 0	 0	

MILANO	
	RD	sensori	Pixel	

1,4	 0	 0,7	
DAQ	per	IT	/	RD53A	

PADOVA	 Setup	Irraggiamento	RD53A		 0,1	 0,2	 0,1	

PAVIA	 Attività	Pixel	Chip	 1,2	 0	 0,5	

PERUGIA	

PQC	–	OT	Sensors		 1	 0	 0	

Assemblaggio	Moduli	TBPS	 2,1	 0,2	 0	

Alimentatori	e	cavi	(OT)	 1	 0	 0	

Meccanica			IT	 1	 0,5	 0	

PISA	

Meccanica	IT	Barrel	

4,8 0 0,6 

Tracking	Trigger	

Pixel	Sensor	test	

Module	testing	TBPS		

Attività	Pixel	Chip	

TORINO	

Attività	Pixel	Chip	

2,5	 0,4	 3,5	

Simulazione	Pixel	Phase-2	

Test	moduli	

RD	Sensori	IT	

Meccanica	Pixel	 R. Tenchini, CSN1-Roma21may2018
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TRACKING SYSTEM TDR.2 � �� TDR Submission

OUTER TRACKER STAGES �� OT EDR �� OT Installation

OUTER TRACKER (OT) COMPONENTS Design - Demo Engin. - Proto Pre-prod. Prod.
OUTER TRACKER INTEGRATION Integ. Float Comm.

OT Sensors SI.1 � SI.2 � SI.3 � SI.4 �

OT FE ASICS FE.1 � FE.2 � FE.3 � FE.4 �

OT MaPSA MaPSA.1 � MaPSA.2 � MaPSA.3 � MaPSA.4 �

OT Hybrids HY.1 �HY.5 � HY.3 � HY.6 � HY.4/8/10/11 � HY.7 � HY.2/9/12 �

OT Modules MO.1 � MO.2/4 �

OT Structures ME.1 �ME.2 � ME.3 � ME.7 �

OT BE Electronics BE.4/5 � BE.1 �BE.6 �

COOLING Design - Demo CO.1 � CO.2 � CO.3 � CO.4 � Engin. - ProtoCO.5 � Pre-prod. Prod. Float

PIXEL DETECTOR STAGES �� PX EDR �� PX Installation

PIXEL DETECTOR (PX) COMPONENTS Design - Demo Engin. - Proto Pre-prod. Prod.
PIXEL INTEGRATION Integ. Float Comm.

PX Sensors SI.1 � SI.2 � SI.3 � SI.4 �

PX ROC FE.1/2 � FE.3 � FE.4 � FE.5 �

PX Modules MO.1 � MO.2 �

PX Electronics EL.3 � EL.4 � EL.1 � EL.2 �

PX Structures ME.1/2 � ME.3 �

PX BE Electronics BE.3 � BE.4 �BE.1 �

TRACKER HIGHL LEVEL 
MILESTONES TIMELINE Q1 Q2 Q3 Q4

2018
Q1 Q2 Q3 Q4Q2 Q3 Q4

2016 2017
Q1

2020
Q1 Q2 Q3 Q4

2019
Q1 Q2 Q3 Q4

2022
Q1 Q2 Q3 Q4

2021
Q1 Q2 Q3 Q4

2024
Q1 Q2 Q3 Q4

2023
Q1 Q2 Q3 Q4

2026
Q1 Q2 Q3 Q4

2025
Q1 Q2 Q3 Q4
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OT MaPSA MaPSA.1 � MaPSA.2 � MaPSA.3 � MaPSA.4 �

OT Hybrids HY.1 �HY.5 � HY.3 � HY.6 � HY.4/8/10/11 � HY.7 � HY.2/9/12 �

OT Modules MO.1 � MO.2/4 �

OT Structures ME.1 �ME.2 � ME.3 � ME.7 �

OT BE Electronics BE.4/5 � BE.1 �BE.6 �

COOLING Design - Demo CO.1 � CO.2 � CO.3 � CO.4 � Engin. - ProtoCO.5 � Pre-prod. Prod. Float
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tooling, testing

preprod. Production.
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Gli impegni di costruzione a 
Firenze

Simone Paoletti - INFN sez. Firenze

Presentazione alla Sezione delle attività di Upgrade di CMS per HL-LHC  
18 ottobre 2017



costruzione moduli IT: impegno INFN
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1128 moduli Pixel (2 chip) integrati in:
• TBPX L1, L2 
• R1, R2 Disks 1-4 di TEPX

	 20	

Details on INFN contribution to Common Systems serving the IT 
• The	serial	powering	scheme	is	one	key	elements	of	the	IT	project.	Firenze	has	

responsibility	for	its	development	and	implementation.	This	includes:	
o Validation	of	serial	powering	concept,	using	test-bench	chains	of	few	

modules	(including	shunt-LDO	characterization,	study	of	grounding	
scheme	and	of	the	HV	distribution)	

o Definition	of	the	requirements	for	the	backend	system:	granularity,	
power	demand,	dynamic	reactions,	safety	interventions	

o Development	(in	collaboration	with	producer)	of	power	supply	
prototypes	and	their	validation	in	fully	integrated	chains.		

o Support	to	the	power	infrastructures	needed	for	the	integration	and	
commissioning	of	the	detector	

o Procurements	of	the	power	backend.	The	IT	is	requiring	around	one	
third	of	the	full	tracker	power	infrastructure.	The	backend	will	provide		
LV	to	the	optoelectronics,	HV	bias	and	current	sources	(for	the	serial	
powering)	to	modules.	Reception	and	burn-in	tests,	specific	to	IT	
power	supplies,	will	be	performed	prior	to	the	installation	and	
commissioning	in	the	experiment	
	

• The	DAQ	system	of	Inner	Tracker	is	under	development,	the	starting	point	is	
the	test-setup	of	present	RD53A	chip	but	is	evolving	toward	a	unified	CMS	
solution	for	the	whole	Tracker.		

o The	Milano	group	is	contributing	to	DAQ	software	development	and	
integration	of	DAQ-hardware.	

o It	will	also	provide	support	to	INFN	groups	for:	test-beams,	integration	
of	the	Inner	Tracker	barrel	(Torino)	and	eventually	during	the	final	
Tracker	Integration.		

	

The	workflow	for	the	IT	construction	at	INFN	is	summarized	in	Figure	23.	

o 	
	Figure 23: INFN construction flow for Inner Tracker  

 

INFN Outer Tracker (OT) Phase 2 contribution   
To	deliver	Tilted	Barrel	(TBPS)	72	rings	(36	rings	per	side)	mounted,	integrated	and	
tested	with	1920	PS	modules	(≈	40	m2	surface	detector	–	Figure	24)	and	contribute	
to	Track	Trigger.	Production	of	necessary	spares	is	implicit	but	not	specified	in	this	
document.	In	summary:	

• Development	and	Qualification	

2019-21 2021-22 2022-24
tests/prototipi preprod. produzione



Impegni a Firenze
• Produzione moduli IT:

- Assemblaggio meccanico di 1128 “bare modules” all’HDI. 
- Wire bonding (~ 400 saldature per modulo) tra bare-module e HDI
- Test completo di qualifica

• Sviluppo del serial powering system (IT)
• Sviluppo dei sensori (IT)
• Contributo al system test (IT) 
• Sviluppo, procurement e commissioning del sistema di backend power 

supplies (IT + OT)
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• Uso intensivo della camera pulita:
- Stand di incollaggio
- Microsaldatura
- Area per tests post produzione
- R&D sui sensori e serial powering

• Personale tecnico per attività di 
costruzione e di R&D in camera 
pulita:
✓1 FTE (Mirko Brianzi) 2019-2024

• Supporto del servizio di elettronica

—> present. dedicate
Risorse necessarie:



Necessità di personale
Documento sugli impegni di fase2:

- sottoposto a referaggio in CSN1
- sottomesso al CTS dell’INFN (~agosto 2018)
- si aspetta approvazione del direttivo

Nel documento vengono esplicitate le richieste di manpower 
addizionale per fare fronte alla costruzione

!26
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Figure 29: Summary tables with list of tasks, per institute,  man-power available and request of additional 
man-power  

	

  

	 25	

 

Figure 29: Summary tables with list of tasks, per institute,  man-power available and request of additional 
man-power  

	

  

Test e commissioning del 
sistema di alimentazione al 
CERN

Sviluppo del sistema di 
alimentazione

Costruzione dei moduli.
Manut. Camera pulita.

Test di sistema,  attività 
serial powering



Infrastrutture
• Cofinanziamento a Firenze concesso dalla GE 

per infrastrutture legate all’upgrade:
- bonding machine: contributo 112 k€
- probe station: contributo di 150 k€ (?)

!27



Backup



attività di Firenze
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Tasks IT:
• module production
• on detector service electronics Power
Tasks OT:
•  Power 	 Profile 2018 2019 2020 2021 2022 2023 2024 2025 ToT Task

FIRENZE 73.6
Barbagli	Giuseppe RI 0.2 0.2 0.3 0.3 0.3 0.4 0.4 0.3 2.4 IT	5,12;	OT	5
Ciulli	Vitaliano PA 0.1 0.1 0.2 0.2 0.2 0.3 0.3 0.3 1.7 IT	5
Civinini	Carlo PR 0.3 0.4 0.4 0.4 0.4 0.4 0.5 0.5 3.3 IT	4,5
D'Alessandro	Raffaello PA 0.3 0.4 0.4 0.4 0.4 0.4 0.4 0.4 3.1 IT	4,12;	OT	12
Focardi	Ettore PA 0.2 0.2 0.2 0.2 0.4 0.4 0.4 0.4 2.4 IT	5,12;		OT	12
Latino	Giuseppe PA 0.1 0.1 0.1 0.1 0.1 0.3 0.3 0.3 1.4 IT	5
Lenzi	Piergiulio RU 0.1 0.2 0.2 0.3 0.3 0.4 0.4 0.4 2.3 IT	5
Meschini	Marco DR 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 8.0 IT	4,5
Paoletti	Simone RI 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 8.0 IT	4,5,12;		OT	12
Sguazzoni	Giacomo PR 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 8.0 IT	4,5,12;	OT	12
Tecnico	INFN	 Tec	 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 6.4 IT	4,5,12;		OT	12
Tecnico	UNIV	 Tec	 0.8 0.8 0.0 0.0 0.0 0.0 0.0 0.0 1.6 IT	4,12;	OT	12
Dottorando	Firenze	 PhD 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 4.0 IT	4,5
Assegnista	Firenze	1 Adr 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 4.0 IT	4,12;	OT	12
Assegnista	Firenze	2 Adr 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 4.0 IT	4,12;	OT	12
request	to	INFN Tec 0.0 0.0 1.0 1.0 1.0 1.0 1.0 1.0 6.0 IT	12;	OT	12
request	to	INFN AdR 0.0 0.0 1.0 1.0 1.0 1.0 0.0 0.0 4.0 IT	4
request	to	INFN AdR 0.0 0.0 0.0 1.0 1.0 1.0 0.0 0.0 3.0 IT	5

7.4 7.7 9.1 10.2 10.4 10.9 9.0 8.9 	 	TOTAL	FTE/year
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develop	the	online	emulator	of	the	Track	Finder	(including	the	OT-
DTC)	and	contribute	to	the	firmware	of	DTC	-	Track	Finder	board	
networking.	

o INFN	Pisa	will	be	participating	to	the	definition	of	the	test	procedures	
and	in	the	design	of	the	test	bench	(FW	and	SW)	for	OT-DTC	and	TF	
boards.	Pisa	will	host	a	dedicated	ATCA	test	setup.	

	 Figure 27:  INFN construction flow for Outer Tracker	

 

Manpower of INFN groups  
The	total	manpower	available	in	the	INFN	groups	for	the	construction	of	the	Phase-2	
upgrade	of	the	CMS	Tracker	is	of	350	men-years	distributed	over	eight	years,	i.e.	an	
average	of	43,8	men/year.		This	includes	researchers,	engineers,	technicians,	
temporary	contracts.	The	INFN	groups	request	additional	temporary	manpower	to	
support	the	activities	in	more	intense	period,	in	order	to	secure	the	success	of	the	
project:	the	integral	request	is	of	76	men-years,	therefore	corresponding	to	an	
increase	of	22%.	The	Figure	28	shows	the	breakdown	among	the	different	
manpower	categories	across	the	years	(left)	and	the	percentage	of	the	requested	
with	respect	to	the	total	(right).	A	summary	table	of	the	request	of	every	group	is	
illustrated	in	Figure	29.		

	
Figure 28:  Manpower for the CMS Tracker upgrade across the year: breakdown of men-years across the 
years (left); percentage of requested manpower over the total manpower versus relative year.  

Parts	Qualification Module	Construction Module	Burn	in Module	Integration

Silicon	Sensors	PQC																									1000	TS
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
Company				

Module	burn-in
Module	Mechanics																																1920 and	Calibration	 Module	Integration	
Company Pisa																		1920 and	Testing	in	72	Disks

Pisa																										1920
Mechanics	Disks	Support																										72
CERN	

INFN	OUTER	TRACKER	1920	PS	Module	Construction	and	72	Tilted	Disks	Integration	plan.	Spares	and	production	yield	not	included	
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CMS Tracker Phase-2: INFN responsibilities 
The	construction	responsibilities	(Figure	18)	have	been	defined	in	the	Tracker	on	

the	basis	of	the	list	of	interests	described	in	the	TDR	document	released	in	December	

2017	to	the	LHCC.		

	

Figure 18: Extraction from TDR table of tracker construction interests. OT = Outer Tracker, IT = Inner Tracker, 
TB = Tracker Barrel, TE = Tracker Endcap, PX = Pixel and PS = Pixel/Strip.  

	

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.	

INFN Inner Tracker (IT) Phase 2 contributions 
The	construction	schedule	is	summarized	in	Figure	19.	INFN	will	deliver	1128	Pixel	

modules	installed	in	inner	layers	(TBPX	L1,	L2)	and	inner	rings	(R1,	R2	in	Disks	1-4	

TEPX),	as	shown	in	Figure	20;	INFN	will	also	integrate,	test	and	deliver	4-Layers	
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Assembly procedures for 2S modules
• Dedicated fixture for each assembly step designed at CERN
• Sensors are aligned using physical edges
• Parts stay in fixture overnight to cure epoxy
• CERN built 5 functional 2S prototype modules
• Other centers are implementing the                                      

same procedure
• KIT, RWTH Aachen, Fermilab have                                      

built one functional 2S module each
• Precision and HV specifications                                                                                    

were met for all functional prototypes
ÎAssembly well established and documented
ÎNeed to feed back fixture modifications into standard design
ÎDefine metrology for alignment check, QC procedures

10/10/2018 Heintz, Mussgiller - OT Modules 17

Fixture based PS assembly
• Dedicated fixture for each assembly step

• Design based on 2S fixtures designed at CERN and 
adapted for PS modules

• Sensors are aligned using physical edges
• Parts stay in fixture overnight to cure epoxy
• Brown University has assembled several dummy 

PS modules and Princeton has wirebonded them
• Bari and Perugia are also implementing a fixture 

based assembly
• Precision specifications have been met for all 

dummy modules; HV cannot be tested
ÎBasic procedures exist
ÎKapton glueing needs to be tested
ÎNeed to document, standardize fixture design
ÎDefine QC procedure

10/10/2018 Heintz, Mussgiller - OT Modules 19

Assembly fixture at Brown University

Dummy PS module assembled at Brown University and wirebonded at Princeton University



Barrel MIP Timing Detector
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10

Barrel MIP timing detector 

Modules (16x4 crystals)
Concentrator Card

4 FE Boards

 Tracker 
        Support 
               Tube

TOFPET CHIP

}  LYSO crystals + SiPM embedded in the Tracker tube
}  Ready before TK integration (mid 2022)    
}  Maintain performance at radiation level 2x1014 neq/cm2

Electronics readout:
•  Adapt TOFPET2 ASIC 
•  Chip submission Nov 2017

~40 m2

11

Barrel sensors (LYSO/LSO + SiPMs) 
}  Nominal geometry: 12 x12 mm2 (~ 3 mm thick) + 4x4 mm2 SiPMs 
}  Production-like geometry qualified in test beams
}  Good radiation hardness of production-ready SiPMs

}  Operate SiPMs at ~ −30 0C (self-heating and dark rate)

SiPM

Crystal

Test beam
σΔt / √2 = 21 ps    

Extrapolation to  
2x1014 neq/cm2

11

Barrel sensors (LYSO/LSO + SiPMs) 
}  Nominal geometry: 12 x12 mm2 (~ 3 mm thick) + 4x4 mm2 SiPMs 
}  Production-like geometry qualified in test beams
}  Good radiation hardness of production-ready SiPMs

}  Operate SiPMs at ~ −30 0C (self-heating and dark rate)

SiPM

Crystal

Test beam
σΔt / √2 = 21 ps    

Extrapolation to  
2x1014 neq/cm2



Endcap MIP Timing Detector
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Endcap MIP timing detector 

}  Low gain silicon detectors just outside TK 
}  Ready at the end of TK or HGCal integration (2024)   
}  Maintain performance at radiation level 2x1015 neq/cm2

12

η TK / HGCal nose
1.6   1.1 x 1014

2.0   2.1 x 1014

2.5   4.8 x 1014

3.0 10.0 x 1014

N
eutron

M
oderator

•  Fluence at  
3000 fb-1  
[neq/cm2]

  η = 1.6 ÷ 2.8

η = 1.5 ÷ 3.0

Possible locations

HGCal

~2x4.5 m2
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Time resolution for irradiated sensors 

No difference in behavior before and after irradiation:  the time resolution 
scales with gain.  ! Keep the gain high 

 

H. Sadrozinski, TREDI 2017 

W5 2e15 n/cm2 

W3, W7  6e14 n/cm2 

~ 42 ps 

W5 pre-rad 

J. Lange, TREDI 2017 

J. Lange, TREDI 2017 

No unexpected features, the 

signals are still large and the 

leakage current does not prevent 

to reach good time resolution.  

Good Gaussian 
behavior after 

irradiation 

 1e15
-15 0C

 3e14
-6 0C  

   3e14  -20 0C  

Endcap sensors (ultra-fast Si detectors)  

13

Lindsey Gray, FNAL

Choice of an ETL Reference Design

๏Readout parameters 
constrained

• PS-like module template

• 16 ASICs bump bonded to 
sensor

๏Inner 4 rings (high eta)

• “Unganged” sensors of 
1x3mm2 cells

๏Outer 5 rings (low eta)

• 3:1 ganging of sensors into 
3x3 sensors

11

• Each module has
– In the outer rings: 512 channels/module
– In the inner rings: 1536 channels/module

• Total number of modules per disk: 900 modules

ETL module parameters

3/1/17 A. Apresyan | CMS Timing Layer Review Open Session6

24	channels

4	channels

ROC	for	small	pixels
1	channel	is	1x3	mm2

y

x

sensor

ROC

• Each module has
– In the outer rings: 512 channels/module
– In the inner rings: 1536 channels/module

• Total number of modules per disk: 900 modules

ETL module parameters

3/1/17 A. Apresyan | CMS Timing Layer Review Open Session7

8	channels

4	channels

ROC	for	large	pixels
1	channel	is	3x3	mm2

y

x

sensor

ROC Lindsey Gray, FNAL

Choice of an ETL Reference Design

๏Readout parameters 
constrained

• PS-like module template

• 16 ASICs bump bonded to 
sensor

๏Inner 4 rings (high eta)

• “Unganged” sensors of 
1x3mm2 cells

๏Outer 5 rings (low eta)

• 3:1 ganging of sensors into 
3x3 sensors

11

• Each module has
– In the outer rings: 512 channels/module
– In the inner rings: 1536 channels/module

• Total number of modules per disk: 900 modules

ETL module parameters

3/1/17 A. Apresyan | CMS Timing Layer Review Open Session6

24	channels

4	channels

ROC	for	small	pixels
1	channel	is	1x3	mm2
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• Each module has
– In the outer rings: 512 channels/module
– In the inner rings: 1536 channels/module

• Total number of modules per disk: 900 modules

ETL module parameters

3/1/17 A. Apresyan | CMS Timing Layer Review Open Session7

8	channels

4	channels

ROC	for	large	pixels
1	channel	is	3x3	mm2

y

x

sensor

ROC

Inner rings

Outer rings

J. Lange  
TREDI 2017

}  Nominal geometry: 4.8 x 9.6 cm2 modules with 1x3 mm2 sensors
}  16 ASICs bump-bonded to sensors
}  3:1 ganging in the TDC at small η (3x3 mm2 granularity) 

}  Single sensors shown to have σt ≤50 ps up to 1015 neq/cm2

}  Readout ASIC in development
}  Simulation underway – prototype runs 2018 and 2019
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Parameter Nominal HL-LHC 
Bunch population Nb [1011]  1.15 2.2 

Number of bunches 2808 2748 

Beam current [A] 0.58 1.12 

Stored Beam Energy [MJ] 362 677 

Full crossing angle [µrad] 285 590 

Beam separation [σ] 9.9 12.5 

Min β* [m] 0.55 0.15 

Normalized emittance εn [µm] 3.75 2.5 

r.m.s. bunch length [m] 0.075 0.081 

Virtual Luminosity (w/o CC) [1034 cm-2s-1] 1.2 (1.2) 21.3 (7.2) 

Max. Luminosity [1034 cm-2s-1] 1 5.1 

Levelled Pile-up/Pile-up density [evt. / evt./mm] 26/0.2 140/1.25 



µ system upgrade
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29/09/2016                                                Lisa Borgonovi – 102° Congresso SIF 

CMS Upgrades 

4 

Phase I (2019) 
 

•Pixel: 4th layer for better RECO 
•L1 Trigger: high efficiency and low 
rate despite worse PU and 
Luminosity conditions 
• HCAL: electronics 

Phase II (2024) 
Improvement or substitution of ALL 

sub-detectors 
 

•New tracker and end-cap calorimeter: 
Pixel + SiStrips + HGCAL 
• Geometrical acceptance extension:  
η = 2.4 → 2.8 for tracker and muon system 

GE 1/1 : “triple GEM” (Gas Electron 
Multiplier) chambers
inst. LS2

MEO: MUON tagger high η (η < 2.8)
GEM chambers
inst. July  2024

GE2/1: 1.6 < η < 2.4
installation: YETS 2022
“triple GEM” . Alternatia: µ-RWELL

RE3/1, RE4/1 “improved RPC”

CMS"Phase"2"–"RPC:"goal"of"the"INFN$R&D$

3"

Electrodes:$
Reduced"resisIvity"
Reduced"thickness"

Prototypes:$
Reduced"gas"gap"
Different"layouts"

•  Validate$present$system$up$to$1$C$cmJ2"
•  Rate"capability"for"RE3/1"RE4/1""iRPC:$2$khz$cmJ2$
•  Validate"iRPC"up"to"1$C$cmJ2$$

Electronics:$
Move"the"amplificaIon"from"

detector"to"electronics"

iRPC:""
Improved"rate"capability"

and"aging"
GIF++:$

ValidaIon"in"High"rate"
environment"

Eco$Gas:$
New"eco;friendly"gas"

mixtures"
riunione"referees";"04/05/2017"



ECAL barrel upgrade

• Sostituzione completa del VFE
- per soddisfare le nuove L1 trig 

latency e L1 accept rate
- uso di Versatile link con GigaBit 

Transceiver (GBT) per mandare 
informazione dai singoli cristalli al 
Trig L1 (trigger primitive off-detector)

- mitigazione dell’effetto degli spikes 
- nuovo amplificatore ottimizzato per 

timing di precisione 
✓possibili ~30ps su γ da 25GeV

• raffreddamento a 8 C
- mitigazione dark-current negli APD

!37

ECAL EB UPGRADE: OVERVIEW
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PbWO4		crystals,	APDs,	mother	boards,	&	overall	mechanical	structure	

will	not	change	

APD	dark	current	strongly	dependent	on	temperature	➜	by	

operating	EB	colder	from	18ºC	to	8ºC	➜	reduce	noise	by	35%	and	
dark	current	by	a	factor	of	2.5	

The	FE	and	VFE	electronics	readout	will	be	replaced:	
	to	satisfy	the		increased	trigger	latency	(up	to	12.5	μs)	and	L1	
accept	rate	(750	kHz)	requirements	

to	cope	with	HL-LHC	conditions	(increased	APD	dark	current,	

anomalous	APD	signals,	higher	PU)	

VFE	maintains	similar	purpose,	but	reduce	shaping	time+	digitisation	
➜	reduce	out-of-time	PU	contamination,	electronics	noise	and	spikes	

FE	card	becomes	streaming	readout,		moving	most	processing	off-
detector	

Off-detector	electronics	will	be	upgraded	to	accommodate	higher	

transfer	rates	and	to	generate	trigger	primitives	➜	Trigger	will	use	
single	crystal	information	for	spike	rejection

Off	detector	electronics



Endcap Calorimeter
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▫ specializzato nella misura di jets, τ-
jets, boosted jets, VBF jets

HGC

• parte	e.m.	(25	X0,	1.5λ):	28	layers	di	Silicio	con	
assorbitore	W/Cu

• FH	:parte	adronica:	(3.5	λ):	12	layers	di	Silicio/ottone

• Backing Hadronic: (5.5 λ) → 12 layers di Scintillatore/ottone

-30 oC

• 593 m2 di silicon 
• 6M canali, celle di 0.5-1 cm2 

• 52 layers 
• 21,660 moduli (sensori 8” o 2x6”)

▫ Dose e fluenza → danno troppo elevato a e cristalli → 
Sostituzione completa di Endcap Calorimeter


▫ ~50 ps timing (cell level) for pile-up rejection  



Il rivelatore pixel di fase1 di CMS
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Material budget 

R
ad

ia
tio

n 
le

ng
th

 

η 

     Current pixel detector   
 •   Upgrade pixel detector 

• necessario per operare efficientemente alle 
luminosità previste per il RUN3 (~ 2.0 E34 
Hz/cm2), fino a L_int~500 fb-1

• accettanza estesa:


- 4 layer barrel, 3 dischi → migliorata 
risoluzione in IP e efficienza HLT

• riduzione material budget → nuova 
meccanica di supporto e nuovi servizi:

- DC-DC power, µ-channel cooling bifase 

a CO2

Katja Klein The Phase-1 Upgrade of the CMS Pixel Detector 4 

Phase-1 Pixel Detector Concept 

Installation during extended year-end technical stop 2016/17 
! “Evolutionary upgrade“ with minimal impact on data taking 
! Sensor technology, pixel size and module concept remain unchanged 

Present  
layout 

Phase-1  
layout 

4.4cm 
7.3cm 
10.2cm 

16.0cm 
10.9cm 
 6.8cm 
 2.9cm 

•  New, improved readout chip (ROC) ! recovery of hit efficiency 
•  Additional 4th barrel layer and 3rd disk ! 4 hit coverage ! robust tracking 
•  Smaller radius of inner layer ! better vertex resolution & b-tagging efficiency 
•  Less material: evaporative CO2 cooling, relocation of electronics boards, lighter mechanics 

• sensori n+-in-n 100x150 µm2

• r/o chip con tecnologia a 

0.25µm:

- FPIX e layers 2,3,4 di BPIX: 

PSI46dig (fino a  120 MHz/
cm2)


- BPIX layer 1: PROC600 (fino a 
600 MHz/cm2)

current

phase1


