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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

3

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

1.3 Physics motivation225

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.



Alcune considerazioni generali

• Alti livelli di radiazione
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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"



Alcune considerazioni generali

• Alto data rate

5
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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

Livello1 : 100kHz 
Latenza ~ 3 µs 

High Level Trigger:  100kHz 
→ 2-300 Hz
Interamente software

750 kHz at L1

7.5 kHz at the HLT

L1 trigger latency ~ 12.5 μs

Present Trigger Upgraded Trigger

uso TRK @ Lv1 (Track Trigger)



Alcune considerazioni generali

• Alto PU

6

Maggiore segmentazione dei rivelatori (TRK, HGCAL)

Utilizzo dell’informazione temporale nei calorimetri

MIP timing layer



7

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

TRIGGER:
- L1 Track Trigger (hw)
- 750 kHz L1 rate, 12.5 µs latency
- 7.5 kHz HLT output

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



µ system upgrade

8

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

9

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  



Tracker Upgrade



Tracker phase1: the end

12

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
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Tracker layout in the TDR 

 
Roma  4 May 2017, INFN Referees 
 

        
G.M. Bilei 

 
6 

 TB2S 
 

  
        TEDD 

 
 
   flat  TBPS  tilted 
 
        

               TEPX 
TBPX                   TFPX     

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 
 

Tracking acceptance up to η = 4 

L1 Track Trigger up to η = 2.4 

much reduced Material Budget 

Significant change from the present Tracker  
(coverage up to η = 2.5) and w/o L1Tr  

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



Pt discriminating modules

14
17.02.2016 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

6
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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)"

12

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


18 Chapter 2. Overview of the Phase-2 Tracker Upgrade
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Figure 2.3: Sketch of one quarter of the tracker layout in r-z view. In the Inner Tracker the
green lines correspond to pixel modules made of two readout chips and the yellow lines to
pixel modules with four readout chips. In the Outer Tracker the blue and red lines represent
the two types of modules described in the text.

in a high pileup environment. Improved discriminating power will be achieved by using more402

information in the trigger decision, with a longer latency available for its processing. The use of403

tracking information in the L1 trigger will improve the transverse momentum resolution, will404

allow the exploitation of information on track isolation, and will contribute to the mitigation405

of pileup. CMS plans to enhance the first level trigger rate from presently 100 kHz to 750 kHz406

and to increase the latency from the present value of 3.2 µs to 12.5 µs. The front-end electronics407

and the L1 track trigger need to comply with these new requirements.408

The necessity of providing tracking information to the L1 trigger is a main driver for the design409

of the Outer Tracker, including its module concept. The use of tracking information in the L1410

trigger implies that the tracker has to send out self-selected information at every bunch cross-411

ing. Such functionality relies upon local data reduction in the front-end electronics, in order to412

limit the volume of data that has to be sent out at 40 MHz. This is achieved with modules that413

are capable of rejecting signals from particles below a certain pT threshold, referred to as “pT414

modules” [23]. The modules are composed of two single-sided closely-spaced sensors read out415

by a common set of front-end ASICs that correlate the signals in the two sensors and select416

the hit pairs (referred to as “stubs”) compatible with particles above the chosen pT threshold417

(Fig. 2.4 (a)). A threshold of around 2 GeV corresponds to a data volume reduction of roughly418

one order of magnitude, which is sufficient to enable transmission of the stubs at 40 MHz, while419

all other signals are stored in the front-end pipelines and read out when a trigger signal is re-420

ceived. The pT threshold depends on the acceptance window, which can be tuned, to a certain421

level, by programming the respective setting in the readout chip. For the pT modules a few422

different values of sensor spacing are used, optimized to achieve the desired pT filtering in dif-423

ferent regions of the detector ((Fig. 2.4 (b) and (c)). For a realistic pitch of about 100 µm between424

silicon strips (or macro-pixels, as detailed below), sufficient pT resolution can be achieved down425

to a radius of about 200 mm in a barrel geometry, thanks to the 3.8 T magnetic field of CMS. The426

concept is therefore applicable in the Outer Tracker, and limited in angular acceptance to about427

|h| < 2.4.428

2.3.2 The Outer Tracker429

The Outer Tracker is populated with pT modules, implementing the L1 trigger functionality.430

The pT module concept relies on the fact that the strips of the top and bottom sensors of a431

module are parallel to each other. With the strip direction being parallel to the z axis in the432
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Figure 3.7: Electronic system block diagram, exemplified for the 2S module, together with a
labelled sketch of the module. Details are provided in the text. On the DTC board, m-Tx and
m-Rx are multi-channel transmit and receive optical modules. The L1 track-finding block is
covered in Section 3.5.

3.2.1 Architecture656

The electronic system is designed to deliver trigger data at 40 MHz and L1 readout data with657

high efficiency at L1 accept rates up to 750 kHz, while coping with latencies up to 12.5 µs. Its658

block diagram is shown in Fig. 3.7.659

At the front-end, two electronic hybrids physically surround the sensor module (2S or PS). In 2S660

modules the two FE hybrids are wire bonded to the right (R) and left (L) strips of the two silicon661

sensors. In the case of the PS module, two hybrids are wire bonded to the left and right strips662

of the strip sensor plus to a macro-pixel sub-assembly (MaPSA) that integrates the pixelated663

sensor with its readout chips. Data generated by eight FE chips (CMS Binary Chip, CBC, in the664

2S module, Short Strip ASIC, SSA, and Macro-Pixel ASIC, MPA, in the PS module) are buffered,665

aggregated and formatted by the concentrator ASIC (Concentrator Integrated Circuit, CIC) that666

acts as a data hub to the service hybrid.667

The service hybrid hosts all services to/from the counting room: bidirectional optical data668

transfer (VL+), low voltage power (LV), and high voltage bias (HV). It connects to the two669

FE hybrids either via two miniature connectors or through wire bonds made at the same time670

as those to the sensors. Because of the factor two difference in width between the 2S and PS671

modules, the service hybrid must be split in two in the case of the PS module. There will be one672

hybrid on each PS module end, one for powering and the other for data transfer. The LpGBT673

ASIC serialises/deserialises data sent to/received from the VTRx+ (Versatile TRansceiver plus)674

optoelectronic transceiver. It also acts as I2C master of the module (controlling, monitoring and675

configuring the FE ASICs) and contains additional monitoring functionality that will be used676

to check the environment and operational parameters of the module.677

▸ High pT  tracks signs of interesting physics (decays of high mass particles) 

▸ Novel tracking modules utilise two 1.6-4.0 mm spaced silicon sensors, to discriminate pT > 2-3 GeV 

▸ Forward these stubs to off-detector trigger electronics - rate reduction O(100)
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Figure 3.6: The 2S module (left) and PS module (right) of the Outer Tracker. Shown are views
of the assembled modules (top), details of the module parts (centre) and sketches of the front-
end hybrid folded assembly and connectivity (bottom). Details are given in the text, and in the
following sections.

the inner regions of the Outer Tracker, keeping the occupancy at acceptable levels. The 90 µm569

and 100 µm strip pitch values are driven by limitations in the line density on the readout hybrid570

for the 2S module and on the bump density of the C4 technology for the PS module. The strip571

sensors are wire bonded directly to the front-end hybrids, thus avoiding heavy pitch adapters.572

In both modules the desired gap between the two sensors is achieved by gluing them onto573

spacers made of aluminium / carbon fibre composite (Al-CF). The spacers provide mechanical574

support and efficient heat removal, with a high thermal conductivity, in particular in-plane,575

and a coefficient of thermal expansion well matched to silicon.576

The 2S modules are mounted on the supporting structures with small screws at the sides of577

the sensor spacers. These mounting points provide cooling to the entire module, including578

its readout electronics. In PS modules the large MPAs are thermally coupled to the pixelated579

sensor through the bumps, hence a large-surface cooling contact is required. For this reason the580

module is built on a baseplate made of carbon fibre reinforced polymer (CFRP). This baseplate581

CBC = CMS Binary Chip
CIC = Concentrator Integrated Circuit

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

(Al-CF)
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Table 3.2: Number of modules in the Outer Tracker, by module type and variant.
Module type TBPS TB2S TEDD Total Total
and variant per variant per type

2S 1.8 mm 0 4464 2792 7256 7680
4.0 mm 0 0 424 424
1.6 mm 826 0 0 826

PS 2.6 mm 1462 0 0 1462 5616
4.0 mm 584 0 2744 3328

Total 2872 4464 5960 13296

is glued onto a cold surface on the supporting structure, in which the cooling pipe itself is582

embedded. The sensor spacers provide the thermal path from the strip sensor to the pixelated583

sensor, and the whole module is cooled through the baseplate.584

The front-end hybrids are realized in a flexible (flex) technology and are laminated onto CFRP585

supports, also referred to as stiffeners. The hybrids are folded around spacers matching the586

thickness of the assembly of the two sensors, in order to minimize the length of the wirebonds587

between hybrids and sensors, or between hybrids and MPA periphery in the case of PS mod-588

ules. The folding and lamination steps will be performed in industry. One 2S front-end hybrid589

carries eight CMS Binary Chips (CBCs) reading out the strips of the top and bottom sensors590

at one sensor end, plus the Concentrator Integrated Circuit (CIC), which serves as interface591

between all the CBCs of the hybrid and the readout link. The role of the CIC is mainly to ag-592

gregate and serialize the data of the readout chips and to distribute clock, trigger, and control593

signals to them. One PS front-end hybrid houses eight Short Strip ASICs (SSAs) reading out the594

strip sensor, and the same CIC as used for 2S hybrids. All the front-end chips implement binary595

readout. In order to fully exploit the achievable hit position resolution, one extra bit is added596

to the hit address, such that in the case of clusters with an even number of fired channels the597

coordinate is set in the centre of the cluster, in between two channels (“half-strip resolution”).598

The auxiliary electronics for powering and optical readout is integrated on service hybrids599

realized in the same flex technology as the front-end hybrids. The service hybrids are also600

laminated onto stiffeners. In 2S modules one single service hybrid is located at one end of the601

sensor assembly. In PS modules, due to the reduced width of these modules, powering and602

readout functionalities are implemented in two separate circuits, located at the two ends of the603

sensor assembly.604

In all hybrids, the ASICs are bump-bonded onto the flex circuit.605

As mentioned in Section 2.3, high pT tracks are identified on-module by comparing the hit606

patterns in the top and bottom sensors of the module, in order to provide stub information to607

the L1 trigger at bunch crossing frequency. Different values of the gap between the two sensors608

of a module are needed, in addition to a programmable acceptance window in the front-end609

ASICs, in order to implement a coherent pT filtering in the whole Outer Tracker volume. For610

this reason 2S modules are realized in two variants, with 1.8 and 4.0 mm gaps between the611

centres of the active volumes of the sensors, and PS modules are realized in three variants,612

with 1.6, 2.6, and 4.0 mm gaps. Table 3.2 summarizes the number of modules per type and613

variant in the different sub-detectors. More details on the distribution of the different module614

variants in the Outer Tracker volume are provided in Section 9.1.2.615

The chip logic also implements an offset correction, separately programmable for eight groups616

▸ High pT  tracks signs of interesting physics (decays of high mass particles) 

▸ Novel tracking modules utilise two 1.6-4.0 mm spaced silicon sensors, to discriminate pT > 2-3 GeV 

▸ Forward these stubs to off-detector trigger electronics - rate reduction O(100)
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Figure 2.4: Illustration of the pT module concept. (a) Correlation of signals in closely-spaced
sensors enables rejection of low-pT particles; the channels shown in green represent the selec-
tion window to define an accepted stub. (b) The same transverse momentum corresponds to a
larger distance between the two signals at large radii for a given sensor spacing. (c) For the end-
cap discs, a larger spacing between the sensors is needed to achieve the same discriminating
power as in the barrel at the same radius.

barrel and nearly radial in the endcaps, this prevents the concept of stereo strips to be used to433

measure the z coordinate (r coordinate) in the barrel (endcaps). For this reason two versions434

of pT modules have been realized: modules with two strip sensors (2-strip or 2S modules)435

and modules with a strip and a macro-pixel sensor (pixel-strip or PS modules). Details are436

provided in Chapter 3. The strips in the 2S modules have a length of about 5 cm, while those437

in the PS modules are about 2.4 cm long. In PS modules one of the two sensors is segmented438

into macro-pixels of about 1.5 mm length, providing the z coordinate measurement. The PS439

modules are deployed in the first three layers of the Outer Tracker, in the radial region of 200–440

600 mm, i.e. down to radii at which the stub pT resolution remains acceptable and the data441

reduction effective. The 2S modules are deployed in the outermost three layers, in the radial442

region above 600 mm. In the endcaps the modules are arranged in rings on disc-like structures,443

with the rings at low radii, up to about 700 mm, equipped with PS modules, while 2S modules444

are used at larger radii. The z coordinates provided by the three PS barrel layers constrain445

the origin of the trigger tracks to a portion of the luminous region of about 1 mm, which is446

sufficiently precise to partially discriminate particles coming from different vertices.447

The pT module concept implies that both the top and the bottom silicon sensors of a module448

must be connected to the readout electronics that performs stub finding. In order to implement449

the connectivity between the upper and lower sensors with reliable and affordable technolo-450

gies, the two halves of each module are read out independently by front-end hybrids on the451

two ends, which prevents the reconstruction of stubs when particles cross the module near the452

centre with a large incident angle (Fig. 2.5). In a flat barrel layout such an effect translates into a453

geometrical inefficiency of stub finding, which is larger than 30% at the edge of the first barrel454

layer. To overcome this limitation, CMS has developed an innovative layout where the first455

three barrel layers, that are populated with PS modules, feature progressively tilted modules,456

nearly perpendicular to incident particles over the entire barrel length (Fig. 2.3). In the outer457

three layers of the barrel the effect of stub finding inefficiency is much less severe because of the458

smaller incidence angles (the incidence angle is measured with respect to the sensor normal),459

the smaller sensor spacing at those radii, and the double length of the 2S modules along z.460

SSA = Short Strip ASIC
MPA =Macro Pixel ASIC
CIC = Concentrator Integrated Circuit

LpGBT = Low Power Gigabit Transceiver
VL+ = Versatile Link Plus
VTRx+ = Versatile TRansceiver Plus
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Figure 3.6: The 2S module (left) and PS module (right) of the Outer Tracker. Shown are views
of the assembled modules (top), details of the module parts (centre) and sketches of the front-
end hybrid folded assembly and connectivity (bottom). Details are given in the text, and in the
following sections.

the inner regions of the Outer Tracker, keeping the occupancy at acceptable levels. The 90 µm569

and 100 µm strip pitch values are driven by limitations in the line density on the readout hybrid570

for the 2S module and on the bump density of the C4 technology for the PS module. The strip571

sensors are wire bonded directly to the front-end hybrids, thus avoiding heavy pitch adapters.572

In both modules the desired gap between the two sensors is achieved by gluing them onto573

spacers made of aluminium / carbon fibre composite (Al-CF). The spacers provide mechanical574

support and efficient heat removal, with a high thermal conductivity, in particular in-plane,575

and a coefficient of thermal expansion well matched to silicon.576

The 2S modules are mounted on the supporting structures with small screws at the sides of577

the sensor spacers. These mounting points provide cooling to the entire module, including578

its readout electronics. In PS modules the large MPAs are thermally coupled to the pixelated579

sensor through the bumps, hence a large-surface cooling contact is required. For this reason the580

module is built on a baseplate made of carbon fibre reinforced polymer (CFRP). This baseplate581
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TRK necessario per guadagnare 
selettività sugli oggetti primari 
(µ, e, τ, γ, missing Et)

F. Palla INFN Pisa

Why a Track Trigger at L1
HL-LHC physics goals require excellent Trigger selectivity on 
basic objects (leptons, jets, taus, b-jets, MET)

This might be jeopardized by the increased level of pileup events (140 on 
average) 

Huge rate of µ from heavy flavors ➯ use better pT resolution from tracker
Prompt electrons at L1 need to be separated from huge γ  ➯ Tracker tracks
High ET jets from (many) different primary vertices ➯ jet-vertex association 
Photon isolation in Calorimeters compromised by large pileup ➯ use tracks

2

misura missing Et → 
associazione jet-vertice in 
condizioni di alto pile up

Risoluzione pt →trigger 
threshold.

distinzione γ vs e
isolamento di γ,µ,e
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Tre approcci studiati: 
• memorie associative (AM) per la 

pattern recognition + FPGA per 
tracking 

• ricostruzione basata su FPGA partendo 
da coppie di stubs (tracklets) (“road 
search”) 

• Time Multiplexed: ogni bx esaminato 
isolatamente da un Track Finding 
Processor che implementa Hough 
Transform track finder + KF “cleaning”

Associative Memory Associative Memory (AM)

AM working principle

AM = BINGO GAME

player=pattern

numbers on the card=bin

extracted number=hit

winning players=pattern

matching

Each pattern has its private HW to compare itself with the event

Bingo game goes on until completion of detector readout

All the winning patterns go to the output

Carmela Luongo (INFN - Pisa) RD13 Conference - Florence, July 3-5, 2013 6 / 18

F. Palla INFN Pisa

Pattern recognition and Track fit
Associative Memories (pattern recognition) + FPGA (track fit)

CMS trigger sectors need ~1M patterns: only 8 state of the art AM06-chip
Higher I/O speed (currently 2Gb/s/layer) to reduce time multiplexing

~3000 Track fitting engines using Principal Component Analysis
Alternative methods under study (Hough Transform, Retina)

Alternative approaches under study 
Purely FPGA based

19

FPGA

AM

Challenge: ~ 20000 stubs per ogni bx a 40 MHz
fornire tracce (patter recognition + trk fit) entro 4 µs

▸ Widely used feature extraction technique to find 
imperfect instances of objects within a space e.g 
tracks in our tracker hit map 

▸ Search for primary tracks in the r-φ plane, using 
the parameterisation (q/pT, φ0)  

▸ Stub positions correspond to straight lines in 
Hough Space 

▸ Where 4 or more lines intersect -> track 
candidate

DEMONSTRATOR ALGORITHMS

2D HOUGH TRANSFORM (HT)
10

~20,000 
stubs in tracker

~270 track 
candidates

Hough Transform

real space hough space

pT estimate from stacked 
modules used to constrain 
allowed q/pT space

 T. James, ICL

full FPGA approach
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Figure 4.3: Sketch of the 1 ⇥ 2 (left) and 2 ⇥ 2 (right) pixel modules.

Table 4.1: Number of modules, sensors, readout chips, and pixels (rounded), along with the
active silicon areas, per Inner Tracker sub-detector and in total.

TBPX TFPX TEPX Total

Modules (type) 360 (1 ⇥ 2) 832 (1 ⇥ 2) 768 (1 ⇥ 2) 1960 (1 ⇥ 2)
504 (2 ⇥ 2) 896 (2 ⇥ 2) 992 (2 ⇥ 2) 2 392 (2 ⇥ 2)

Sensors 864 1 728 1 760 4 352
Pixel chips 2 736 5 248 5 504 13 488
Pixels [⇥106] 395 757 794 1947
Silicon area [m2] 0.99 1.89 1.99 4.87

ature of about �20 �C.1777

The modules have support strips, referred to as base strips, glued to the back side of the PROCs.1778

The base strips facilitate mounting of the modules on the mechanical support structures and1779

ensure an efficient heat removal. The material for the base strips should feature high thermal1780

conductivity, and aluminium nitride is being considered. Modules are depicted as orange and1781

green elements in Fig. 4.2.1782

The entire Phase-2 pixel detector design is based on a PROC whose active dimensions are1783

16.4 ⇥ 22.0 mm2. Only two types of modules are foreseen, differing exclusively in the sensor1784

surface and number of readout chips. Modules with two chips and four chips, arranged as1785

two by two, are foreseen, referred to as 1 ⇥ 2 and 2 ⇥ 2 modules, respectively. The two module1786

types are sketched in Fig. 4.3.1787

The 1 ⇥ 2 modules are used to equip the inner two layers of TBPX and the inner two rings of1788

TFPX and TEPX, while the 2⇥ 2 modules are employed in the outer two layers of TBPX and the1789

outer two and three rings of TFPX and TEPX, respectively (Fig. 4.1). These rectangular modules1790

are arranged in the cylindrical geometry of the barrel with overlap of the active sensor areas1791

in r-j, while no module overlap along z is foreseen. In the disc-like geometry of the endcaps,1792

appropriate overlaps of the active areas are realized both in r and r-j. The arrangement of1793

modules in a portion of a barrel layer is shown in Fig. 4.4.1794

Table 4.1 summarizes, for each substructure and for the total Inner Tracker, the number of1795

modules (per type), sensors, ROCs, and pixels. The active silicon areas are also provided.1796
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Figure 4.1: Sketch of one quarter of the pixel detector layout in the r-z view. Green lines corre-
spond to modules made of two readout chips and orange lines represent larger modules with
four chips. The simplified profile of the beam pipe envelope is also shown (black dashed line).

An alternative option that is being actively pursued is the possibility to use 3D silicon sensors,1723

offering intrinsically higher radiation resistance because of the shorter charge collection dis-1724

tance. Since the production process is more expensive and thus not suitable for large volumes,1725

the use of 3D sensors could be limited to the regions of highest particle fluences.1726

For the readout chip, the envisaged small cell size can be achieved with the use of 65 nm CMOS1727

technology and an architecture where a group of channels (referred to as pixel region) shares1728

digital electronics for buffering, control, and data formatting. Such a pixel readout chip (PROC)1729

is being developed within RD53, a joint ATLAS-CMS collaboration.1730

The baseline Inner Tracker layout is shown in Fig. 4.1. The detector comprises a barrel part1731

with four layers (referred to as Tracker Barrel Pixel Detector, TBPX), eight small double-discs1732

per side (referred to as Tracker Forward Pixel Detector, TFPX) and four large double-discs per1733

side (referred to as Tracker Endcap Pixel Detector, TEPX). In the TBPX the pixel modules are1734

arranged in “ladders”, while in TFPX and TEPX they are arranged in concentric rings. Each1735

double-disc is physically made of two discs, which facilitates to mount modules onto four1736

planes. Each disc is split into two halves, and these D-shaped structures are referred to as1737

“dees”. The TEPX will provide the required luminosity measurement capability, as detailed in1738

Section 10.3, by an appropriate implementation of the readout architecture. In total the pixel1739

detector will have an active surface of approximately 4.9 m2.1740

Such a compact and complex detector, albeit large in terms of active surface, poses challenges1741

for the implementation of the services. A total power of about 50 kW needs to be fed into the1742

active volume and a serial powering approach has been identified to minimize the material of1743

the cables carrying the current. The approximate 1 W/ cm2 of power dissipated by the PROCs1744

will be removed by a network of low mass cooling pipes fed by the common CO2 cooling1745

system. Bidirectional data transfer is implemented using low mass electrical links to connect1746

the front-end to LpGBTs located on the IT support cylinder, while the LpGBTs are connected1747

via optical fibres with the back-end electronics in the service cavern. Power, cooling, and data1748

transmission services are carried on a cylindrical shell enclosing the pixel detector. The detector1749

is designed to be installable after the Outer Tracker and the beampipe are already in place, thus1750

enabling the possibility to replace degraded parts over an Extended Technical Stop.1751

Figure 4.2 shows one of the four Inner Tracker structures, as it will look at installation time. The1752

TBPX layers and the TFPX and TEPX dees are visible. The barrel, forward, and endcap elements1753

are mounted in half-cylinders that also hold their corresponding services, appropriately routed1754
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Figure 4.3: Sketch of the 1 ⇥ 2 (left) and 2 ⇥ 2 (right) pixel modules.

Table 4.1: Number of modules, sensors, readout chips, and pixels (rounded), along with the
active silicon areas, per Inner Tracker sub-detector and in total.

TBPX TFPX TEPX Total

Modules (type) 360 (1 ⇥ 2) 832 (1 ⇥ 2) 768 (1 ⇥ 2) 1960 (1 ⇥ 2)
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Sensors 864 1 728 1 760 4 352
Pixel chips 2 736 5 248 5 504 13 488
Pixels [⇥106] 395 757 794 1947
Silicon area [m2] 0.99 1.89 1.99 4.87

ature of about �20 �C.1777

The modules have support strips, referred to as base strips, glued to the back side of the PROCs.1778

The base strips facilitate mounting of the modules on the mechanical support structures and1779

ensure an efficient heat removal. The material for the base strips should feature high thermal1780

conductivity, and aluminium nitride is being considered. Modules are depicted as orange and1781

green elements in Fig. 4.2.1782

The entire Phase-2 pixel detector design is based on a PROC whose active dimensions are1783

16.4 ⇥ 22.0 mm2. Only two types of modules are foreseen, differing exclusively in the sensor1784

surface and number of readout chips. Modules with two chips and four chips, arranged as1785

two by two, are foreseen, referred to as 1 ⇥ 2 and 2 ⇥ 2 modules, respectively. The two module1786

types are sketched in Fig. 4.3.1787

The 1 ⇥ 2 modules are used to equip the inner two layers of TBPX and the inner two rings of1788

TFPX and TEPX, while the 2⇥ 2 modules are employed in the outer two layers of TBPX and the1789

outer two and three rings of TFPX and TEPX, respectively (Fig. 4.1). These rectangular modules1790

are arranged in the cylindrical geometry of the barrel with overlap of the active sensor areas1791

in r-j, while no module overlap along z is foreseen. In the disc-like geometry of the endcaps,1792

appropriate overlaps of the active areas are realized both in r and r-j. The arrangement of1793

modules in a portion of a barrel layer is shown in Fig. 4.4.1794

Table 4.1 summarizes, for each substructure and for the total Inner Tracker, the number of1795

modules (per type), sensors, ROCs, and pixels. The active silicon areas are also provided.1796

2x1 RO chip 2x2 RO chip

data out, ctrl, trig, clock, power

Sensori n+-in-p sottili (100-150 µm) - varie 
geometrie studiate (50x50 o 25x100 μm2)

HDI HDI

Large ROC: ~ 1.6 cm x 2 cm and ~ 144.000 pixels/PROC
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• R&D sui sensori pixel al silicio

• ROC chip:  RD53  and Chipix65

• Serial Power distribution 

• Struttura meccanica, cooling

• produzione moduli

(FI, PI, MI, TO)

(TO, BA, PV, PD, PG, PI)

(FI)

(PI)

(FI, PI)

Programma INFN su R&D px congiunto ATLAS+ CMS (RD_FASE2) ed accordo con FBK

• studio di sensori sottili planari e 3D, rad-hard per inner layers

• p-type 6” wafer, 100-130 µm spessore attivo

• layout compatibile con i chip r/o → pitch piccolo 

• spark isolation, assottigliamento, bump bonding ad alta densità,

• Test su fascio dei sensori (3D e planari)

sinergia col programma AIDA2020 WP7 (Advanced Hybrid Pixel Detectors)

Sinergia con 
ATLAS}



Programma R&D sui sensori px
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Overview	of	the	R&D	Program	
•  The	INFN	Pixel	R&D	Program	for	HL-LHC		

–  A	four	year	program	on	3D	and	Planar	Pixel	Sensors	funded	by	
INFN	and	FBK	under	special	agreement		
•  Common	project	origina8ng	from	CMS	and	ATLAS	researchers		in	

Italy	

•  ScienEfic	objecEves:		
–  3D	and	Planar	small	thickness	pixel	sensors,	to	be	used	in	the	

inner	layers	of	future	trackers	at	High	Luminosity	LHC	

–  Technology	and	design	op8mized	and	for	high	radiaEon	
hardness	on	p-type	6”	wafers,	100	and	130µm	ac8ve	thickness		
•  CMS	inner	layer:	~	2.3x1016	cm-2	fluence	and	~	1.2	MGy	dose	

–  Small	pitch	pixels:	layouts	compaEble	with	present	ROCs	and	
prototype	(as	RD53A	in	65nm)	FE	chips		

–  Sensor	features:	spark	isola8on	techniques,	different	ac8ve	
and	handle	wafers	op8ons,	thinning,	high	density	bump-
bonding		

•  Performance	of	Planar	and	3D	pixel	sensors	on	Beam	Test		
•  Strong	synergy	with	WP7	(Advanced	Hybrid	Pixel	Detectors)		

in	EU	R&D	programme	AIDA-2020			

TIPP2017	Beijing	 M.Meschini,	INFN	Firenze	 2	
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INFN-FBK	Pixel	R&D	Project	
•  Two	pixel	technologies	for	n-in-p	wafers:		

–  Planar	 	 	 	 	 	 	 	 	 	 		
•  Process	Op8ons:	p-spray	on	wafer	and/or	p-stop	around	single	pixel	
•  Periphery	design:	standard	and	Ac8ve	or	Slim-Edge	(special	planar	batches),	mul8	Guard	Rings		

–  3D	Columnar		
•  Single	Sided	processing	op8mized	by	FBK		for	different	ac8ve	thicknesses		
•  Process	op8ons:	bump	on	columns,	poly-silicon	”cap”	on	top	of	junc8on	columns		

•  ProducEons,	Achievements	and	Plans	
–  Two	Planar	and	one	3D	columnar	pixel	batches	produced	so	far	at	FBK	premises	
–  Prototypes	qualified	in	laboratory	and	in	mul8ple	beam	test	sessions	2015-2017	
–  One	neutron	and	two	proton	irradia8on	sessions	done	in	2016,	two	more	to	come	in	2017	
–  One	new3D	pixel	batch	in	produc8on	now	at	FBK	under	AIDA-2020	WP7	agreement	
–  One	more	Ac8ve/	Slim-Edge	pixel	batch	agreed	with	AIDA-2020	to	be	started	as	soon	layout	is	ready		

TIPP2017	Beijing	 M.Meschini,	INFN	Firenze	

Test	Beam	and	Data	Analysis		
	
M.	Dinardo,	D.	Menasce,	L.	Moroni,	D.	Zuolo	(Milano)		
C.	Civinini,	M.	Meschini,	G.	Sguazzoni	L.	Viliani,	I.	Zoi(2)		
(Firenze)		
L.	Uplegger,	R.	Rivera,	C.	Vernieri	(FNAL,	USA)		

	 	 	 	 	 	 	 	 	

	 	 	 	(2)Now	at	Hamburg	Univ.	

Design,	processing,	qualifica8on,	assembly	
	
M.	Boscardin,	G.	Giacomini(1),		S.	Ronchin	,	N.	Zorzi	(FBK	Trento)	
G.F.	Dalla	Beja,	D.M.S.	Sultan	(Trento)		
M.	Meschini,(Firenze)		
A.Messineo,	R.	Dell’Orso	(Pisa)	
F.	Ravera,	A.	Solano	(Torino)		

		 		 		 		 		 		 	(1)	Now	at	BNL	

3	

R&D	Working	Groups	in	INFN	and	Universi8es:	a	long	list	of	highly	skilled	people		



Sensori px 3D

INFN-FBK	R&D:	3D	Columnar	Devices	Generali8es		

•  Devices	are	Single	Sided,	top-only	process.	We	also	plan	to	thin	wafers.	TB	data	shown	at	this	
conference	are	from	not	thinned	sensors;	handle	wafer	back-side	is	not	metallized			

•  Pixel	Cell	design	with	variety	of	collec8ng	electrodes		
•  Different	bump	pad	loca8ons	tested	

TIPP2017	Beijing	 M.Meschini,	INFN	Firenze	

Standard	pixel	prototypes	
100	µm	x	150	µm	pitch		
Readout	by	PSI46dig	ROC		
ATLAS	FE-I4	50	µm	x	250	µm	pitch	(TB	results	
not	shown	here)			

Small	pitch	pixel	prototypes	
50	µm	x	50	µm,	25	µm	x	100	µm	pitch	and	50	µm	x	100	µm	
(the	lajer	not	yet	tested	on	beam,	lab	bench	only)		
Mul8-electrode	single	cell	pixels		

15	

Same	wafer	structure,	
thickness	and	type	as	in	
planar	batches	

22

Baseline per il primo layer del px di fase2

FBK: processo con lavorazione da un lato solo: 
tecnologia DRIE (Deep Reactive Ion Etching)  
Provati vari disegni con
•numero vario di elettrodi collettori per cella
•differenti posizioni dei pad di bonding

 

3D	Pixel	Cells	25µm	x	100µm	and	50µm	x	50µm	

TIPP2017	Beijing	 M.Meschini,	INFN	Firenze	 18	

1	Electrode,	regular	bump	pad		2	Electrodes	BO,	Bump	On	(junc8on)	pad		

Red:	Junc8on	Columns	

Green:	Omhic	Columns	 Dashed	Lines	are	to	guide	the	eye	
to	iden8fy	Pixel	Cell	and	Bump	Pad	

Small	Pitch	pixels:	only	one	out	of	six	
Pixels	Cells	is	connected	to	PSI46	ROC	

50µm	

25µm	

10
0µ

m
	 50

µm
	

En8re	25µm	column	readout	

Two	adjacent	50µm	pixels	readout	

Not	readout	Pixels	Cells	
are	shorted	together	
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Beam	test:	Charge	Collected	in	130µm	3D	Compared	to	Planar	

Standard	pixel	prototypes	100x150	μm	

TIPP2017	Beijing	 M.Meschini,	INFN	Firenze	

Charge	collec8on	performance	on	3D	pixels	is	the	same	as	planar	ones,	which	have	to	
be	operated	at	higher	Vbias	

19	
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χ2/ndf			346.4/	191	
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MPV							8363	+	8.7	
Noise					1327	+	18.2	

W76_1-56B	(3D)	–	2E	100x150	μm	@40V	 W75-1_2-63D	(Planar)	–	100x150	μm@90V	

Planar	and	3D	prototypes	on	the	same	beam	test	session	

3D	
Planar	

Bump	pad	not	on	column	

before irradiation 
40V, +25°C

φ=1.2E15 neq 
300V, -20°C 

130 µm thick FBK sensor, 100x150 µm pixels  



E l’alimentazione ?
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18 Chapter 2. Overview of the Phase-2 Tracker Upgrade
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Figure 2.3: Sketch of one quarter of the tracker layout in r-z view. In the Inner Tracker the
green lines correspond to pixel modules made of two readout chips and the yellow lines to
pixel modules with four readout chips. In the Outer Tracker the blue and red lines represent
the two types of modules described in the text.

in a high pileup environment. Improved discriminating power will be achieved by using more402

information in the trigger decision, with a longer latency available for its processing. The use of403

tracking information in the L1 trigger will improve the transverse momentum resolution, will404

allow the exploitation of information on track isolation, and will contribute to the mitigation405

of pileup. CMS plans to enhance the first level trigger rate from presently 100 kHz to 750 kHz406

and to increase the latency from the present value of 3.2 µs to 12.5 µs. The front-end electronics407

and the L1 track trigger need to comply with these new requirements.408

The necessity of providing tracking information to the L1 trigger is a main driver for the design409

of the Outer Tracker, including its module concept. The use of tracking information in the L1410

trigger implies that the tracker has to send out self-selected information at every bunch cross-411

ing. Such functionality relies upon local data reduction in the front-end electronics, in order to412

limit the volume of data that has to be sent out at 40 MHz. This is achieved with modules that413

are capable of rejecting signals from particles below a certain pT threshold, referred to as “pT414

modules” [23]. The modules are composed of two single-sided closely-spaced sensors read out415

by a common set of front-end ASICs that correlate the signals in the two sensors and select416

the hit pairs (referred to as “stubs”) compatible with particles above the chosen pT threshold417

(Fig. 2.4 (a)). A threshold of around 2 GeV corresponds to a data volume reduction of roughly418

one order of magnitude, which is sufficient to enable transmission of the stubs at 40 MHz, while419

all other signals are stored in the front-end pipelines and read out when a trigger signal is re-420

ceived. The pT threshold depends on the acceptance window, which can be tuned, to a certain421

level, by programming the respective setting in the readout chip. For the pT modules a few422

different values of sensor spacing are used, optimized to achieve the desired pT filtering in dif-423

ferent regions of the detector ((Fig. 2.4 (b) and (c)). For a realistic pitch of about 100 µm between424

silicon strips (or macro-pixels, as detailed below), sufficient pT resolution can be achieved down425

to a radius of about 200 mm in a barrel geometry, thanks to the 3.8 T magnetic field of CMS. The426

concept is therefore applicable in the Outer Tracker, and limited in angular acceptance to about427

|h| < 2.4.428

2.3.2 The Outer Tracker429

The Outer Tracker is populated with pT modules, implementing the L1 trigger functionality.430

The pT module concept relies on the fact that the strips of the top and bottom sensors of a431

module are parallel to each other. With the strip direction being parallel to the z axis in the432

~ 100 kW

~ 50 kW

• Richiesta di potenza ~ 3 x phase0
• Sezione rame dei cavi ~ invariata 
→ necessità di alzare la tensione cui viene fornita la potenza

OT: uso di convertitori DC/DC on detector
IT:  schema di serial power
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Figure 8.33: Sketch of the two-step powering schemes used in the FEHs of the 2S (left) and PS
(right) modules, indicating also the nominal voltages and expected currents.

Figure 8.34: Photographs of the top side (left) and bottom side (right) of the SEH prototype,
with the FEAST2 and LTC3412A areas indicated by a green and blue box, respectively, and the
VTRx+ connector framed by a pink box. The input and 1.25 V output connectors are labelled.
The four white connectors visible on the top right of the left photo are used for high speed
electrical data transmission. The shield is not mounted. On the backside the HV circuit is
visible.

its own LV distribution. In the first conversion stage the upFEAST DC-DC converter receives3377

11V and converts this voltage to 2.55 V, as required by the VTRx+. In the second stage one or3378

two DCDC2S converters are used to convert 2.55 V into 1.25 V and 1.0 V. Both upFEAST and3379

DCDC2S converter chips are still under development; it is expected that prototypes suitable for3380

use in service hybrids will become available within 2017. They require an air-core inductor as3381

energy storage element (ferrite inductors would saturate in the CMS magnetic field), a number3382

of passive filter components and an electro-magnetic shield.3383

It is foreseen to produce the final SEHs with the same companies as the FE hybrids. The SEHs3384

are part of the hybrid tendering process and procurement plan (Sect. 8.2.2.6). There are in total3385

six SEH types: two for 2S modules and four for PS modules. The SEHs for the 1.8 mm and3386

4.0 mm versions of the 2S module differ only in their geometry: while the 1.8 mm version is3387

flat, the 4.0 mm version sits below the level of the FE hybrid, requiring flexible Kapton tails to3388

connect to the FEH. In a similar way, the POHs of the three PS module types sit on different3389

height levels with respect to the FEHs, requiring flex tails of different lengths to connect to3390

them. The OPTOs for the three PS module variants are identical.3391

A prototype 2S module SEH has been developed, as shown in Fig. 8.34. Due to the fact that3392

all active components are still under development and are therefore currently not available, it3393

differs in several aspects from the final design. The upFEAST DC-DC converter is replaced by3394

its predecessor, the FEAST2 ASIC [73]. The functionality of the two chips is the same, however3395

the upFEAST will feature increased radiation-hardness to be compatible with HL-LHC tracker3396

applications. An air-core toroid with an inductance of 200 nH and a DC resistance of 38 mW is3397

used, and the switching frequency is set to 2 MHz. The DCDC2S is replaced by a commercial3398

device (LTC3412A). The inductor is the same as used for FEAST2, and this commercial DC-3399

DC converter is set to switch at 2.45 MHz. Pi-filters are implemented at the chip LV input and3400

Possibile schema OT CMS

~ 1300 canali di potenza, ~ 150 W/ch
~ 13000 fili LV da back-end a detector 
da gestire (monitoring, controlli)

LV

HV

p
a

tc
h 

pa
ne

l

  
~ 12 x LV  
~ 12 x HV
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Figure 2.16: Exploded view of the PS module components (left), 3D view of the assembled
module(upper right), sketch of the FE Hybrid folded around its support (lower right). The base
plate is glued onto a flat surface on the support structure that is kept cold during operation.

As explained in Section 2.3.2.4, the powering and readout link functions of the PS module are
implemented in two small flex circuits, located on opposite sides of the sensors. The Power
Hybrid is glued directly to the surface of the base plate in order to maximize the efficiency of
the cooling contact, while the Optical Link Hybrid is mounted on a spacer in order to raise its
surface to the level of the FE Hybrids to facilitate wire bonding. The power for the FE Hybrids
and the bias voltage are distributed from the Power Hybrid via flexible tails.

The CFRP base plate is equipped with two holes that are used to precisely position the module
on the support and cooling structure. The low-impedance thermal interface between the mod-
ule and the cooling structure is established via phase-change thermal interface glues that allow
for the dismounting of modules for repair or replacement prior to the final installation in the
Tracker.

2.3.3.3 Thermal performance and mass estimates

The development of both module designs has been guided by finite element analysis (FEA)
of thermal performance and mechanical deformations that occur when they are cooled to low
temperatures. Such studies have guided several basic aspects of the module assembly and
cooling concepts including the choice of material and the sizes of the thermal contacts.

The FEA models include the module geometry, its support and cooling structure, as well as a
realistic description of the power dissipation of the front-end electronics and the sensors. The
sensor power dissipation is estimated for each module type and version (2S or PS module, and
specific sensor spacing), based upon the expected maximum fluence at the different locations
in the Tracker volume (see Fig. 2.3). A summary of the estimated power dissipation in the sen-
sors after an irradiation corresponding to 3000 fb�1 of integrated luminosity and typical power
consumption values for the othe FE components are collected in Table 2.2 (for PS modules the
chosen values are at the high end of the ranges quoted in Section 2.3.2.3). The heat generated
by the power converter is calculated from the sum of the power consumed by the front-end
electronics under the assumption that the power converter operates at an efficiency of 75%,

22 Chapter 3. The Outer Tracker

Figure 3.2: Left: model of a TB2S ladder (left), housing twelve 2S modules. Right: x-y view of
the TB2S, showing the staggering of neighbouring ladders in radius.

minimum that ensures sufficiently robust track finding performance for the first-level trigger.487

Extensive studies performed with different detector configurations have shown that with five488

module layers the track finding performance would be heavily affected as soon as some parts489

of the detector become inefficient, while with six layers the performance is robust with respect490

to minor inefficiencies affecting only one layer [16]. A similar logic drives the choice of the491

number of layers populated with PS modules: at least two precise coordinates are needed to492

measure the polar angle of the track and provide some level of primary vertex discrimination,493

hence three layers are necessary to ensure adequate performance with minimal redundancy.494

3.1.1 Implementation of hermetic layers495

Since pT modules are read out by front-end hybrids from the edges in order to implement the496

connectivity between the two sensors, significant inactive surface on the two ends of the sensors497

is unavoidable. Furthermore, to simplify the connectivity and minimize the mass, the service498

electronics providing the readout and powering infrastructure for the front-end chips and the499

bias for the sensors has also been integrated at module level on service hybrids, implemented500

on the ends of the sensors. In order to form hermetic layers, overlap between modules is501

required on all four edges of the sensors.502

In the three layers of the TB2S, modules are mounted on “ladder” structures (Fig. 3.2, left).503

Consecutive modules are mounted on opposite sides with respect to the central plane of the504

ladder, implementing z overlap between the active surfaces of the sensors.505

Along j, consecutive ladders are staggered in r (Fig. 3.2, right). Hence a hermetic barrel layer506

is formed by modules located at four different radii, as visible in Fig. 3.1. A ladder covers half507

the length of the barrel; at z = 0 two ladders overlap with modules staggered in r, ensuring508

hermetic coverage.509

In the three layers of the TBPS, the arrangement of modules in space appears to be more com-510

plicated, however the active surfaces of the sensors still form three hermetic layers, as seen511

by particles emerging from the luminous region. In the central section modules are mounted512

on “planks”, using an arrangement similar to that used in the TB2S ladders: within a plank z-513

overlap is obtained with a radial staggering of the modules, by mounting them alternatingly on514

the two sides of the plank (Fig. 3.3, left), while consecutive planks along j are again located at515

different radii. In this case one plank covers the entire length of the central section and consists516

of an odd number of modules, hence avoiding any gap at z = 0. The central section is com-517

• Ubicazione ? (UXC/USC)
• Sezione dei cavi ?
• Compensazione della 

caduta sui cavi ?

 ~ 100 m

~ 8 W per PS module
~ 5 W per 2S module

Conversione 2-stage 
sui moduli



Possibile configurazione del sistema:
• ~500 power loops in corrente
• I ~ 10A
• V ~ 10-20 V
Collaborazione INFN-CAEN nell’ambito del 
progetto della Regione Toscana NEOLITE 
per lo sviluppo di una sorgente di corrente

Inner Tracker: Serial Powering
• livelli di radiazione e vincoli di spazio e material budget escludono l’uso dei DC/DC 

sui moduli pixel
• l’opzione di base per ATLAS e CMS è uno schema di 

alimentazione in serie (SP)
• sviluppo in collaborazione tra ATLAS e CMS:
✓ ATLAS parte dall’esperienza fatta col progetto IBL
✓ FEI3, FEI4 sono dotati di circuito “shunt-LDO” e 

possono essere configurati per S.P.
✓ in corso studi su SP utilizzando FEI4 in piccoli setup
✓ prossimi tests su 65nm Shunt-LDO test chip irraggiati
✓ shunt-LDO verrà incluso nel chip RD53

Shunt:LDO&regulator&

gonella@physik.uniIbonn.de% 14%

!  ShuntILDO%features%%
–  Robust%design%against%process%varia>on%and%mismatch%for%safe%parallel%opera>on%

(i.e.%sharing%Iin%and%Iout%connec>on,%not%Vout!)%
–  Parallel%opera>on%of%regulators%with%different%output%voltages%possible%
–  Ability%to%shunt%extra%current%in%case%one%of%the%regulators%in%parallel%fails%
–  Different%working%modes%for%current%and%voltage%based%power%distribu>on%

!  Voltage%regula>on%loop%(LDO)%"%
constant%Vout%=%2Vref%

!  Current%regula>on%loop%(shunt)%"%
keeps%current%through%the%regulator%
constant%

!  Ohmic%input%characteris>cs%

SHUNT-LDO. credits: M.Karagounis
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Figure 4.9: Sketch of the location of the LpGBT modules, which are symbolized by the orange
boxes. The barrel pixel modules are connected with low mass cables to LpGBT modules located
at the outer periphery of the pixel detector for radiation tolerance reasons. In the forward
region the LpGBT modules will be part of the discs. FIXME: To be updated with better/detailed
illustration, if available.

such lower mass alternatives will be viable (limited bending flexibility of flex cables, fragility1856

of thin copper cladded aluminium twisted pairs). For the discs in TFPX and TEPX the signal1857

transmission distance is very short, as can be seen in Fig. 4.9. The LpGBT modules are expected1858

to be an integral part of each disc unit.1859

The extreme high rate requirements for the PROC necessitate the use of a modern high density1860

low power CMOS technology with low supply voltage (1.2 V), resulting in a pixel chip that1861

must be supplied with significant current levels (⇠ 2 A per chip). The use of a classical passive1862

parallel powering system is excluded for such high currents. The use of local DC-DC power1863

conversion has also been excluded because of the extremely hostile radiation environment and1864

very tight constraints on space and material budget. A serial power distribution system has1865

been found to be the only viable scheme to supply the pixel detector with the required power,1866

within an acceptable material budget and with acceptable power cable losses. Serial power1867

loops feed the required supply current each to a chain of 8-10 pixel modules, with pixel chips1868

on each module (two or four chips) connected in parallel, as illustrated in Fig. 4.10. The number1869

Figure 4.10: Serial power distribution with pixel chips in parallel on the module and modules
connected in series.

I



Tests con chip FE-I4
In attesa del chip di fase2 di RD53: 
• Studio di configurazioni “Serial 

Power” per i pixel di fase-2 con 
Shunt-LDO (uno schema circuitale 
che permette il collegamento in 
serie dei chip).  
• Tests con FE-I4 (il chip di ATLAS) 
• Collaborazione col gruppo di Bonn 

di ATLAS
FE-I4



Timing Layer



Timing detectors
• <PU> ~ 200 pone seri problemi a livello di 

identificazione dei vertici
- peggiore risoluzione calorimetrica (contaminazione 

da particelle provenienti da altri vertici) → MET 
degradata

- ridotta efficienza nell’associare vertici ai γ 
(esempio: canale H → γ γ)

• CMS vuole ridurre l’effetto del PU sfruttando 
l’informazione temporale (ordine 30 ps) data da:
- Calorimetri ECAL (γ), HGCAL (HEH + γ)
- New MIP Timing Layer (barrel + endcal)

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

• Riduzione effetti PU di fattore 4-5

29

4-D Vertex Reconstruction 3
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HL-LHC 
}  Baseline at ECFA 2016: 

}  zRMS ~ 4.8 cm  start of the fill  
        ~ 4.0 cm  end of the fill

}  tRMS ~ 180 ps 

5

Answer to TB7
From the Panel

G. Arduini – at ECFA

Example – lepton isolation 

6

LHC 140PU 200PU }  With timing, ‘effective 
peak density’ down to 
LHC level !

1.  Consolidate 
reconstruction at  
140 PU 

2.  Extend performance  
at 200 PU

3.  Provide robustness 
against adjustment of 
luminosity scenarios

. “Precursor to a proposal” for the Phase II timing upgrade

. Report positivo da parte di un apposito CMS Review Panel  



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
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4	channels

ROC	for	small	pixels
1	channel	is	1x3	mm2
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– In the inner rings: 1536 channels/module
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ETL module parameters
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• PS-like module template

• 16 ASICs bump bonded to 
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๏Inner 4 rings (high eta)

• “Unganged” sensors of 
1x3mm2 cells
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• 3:1 ganging of sensors into 
3x3 sensors
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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



Conclusioni
• Nei prossimi anni LHC incrementerà progressivamente la luminosità, 

raggiungendo dopo il “Long Shutdown 3” (circa 2024) valori fino a 10 volte 
superiori alla luminosità nominale (1.E34 Hz/cm2)

• CMS opererà in condizioni sperimentali caratterizzate da alto rate, alto "pile 
up”, elevato livello di radiazioni e ha predisposto un programma di 
aggiornamento dei rivelatori:
- sostituzione completa dei rivelatori maggiormente esposti alla radiazione 

(TRK + HGCAL)
- Potenziamento del sistema di trigger:
✓750 kHz L1 rate, 12.5 µs latency 
✓aumento complessità algoritmi di trigger
✓elettronica “on detector” aggiornata, conversione digitale on detector a 40 MHz 

ed invio al back end tramite link ottici veloci
✓utilizzo del tracciatore già a livello 1

- Potenziamento delle regioni ad alto η con rivelatori a µ innovativi più 
veloci e segmentati (MicroMegas/GEM/iRPC)

- Misure contro il PU:
✓rivelatori più segmentati
✓sviluppo di MIP Timing Layer
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Backup



Title Text

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 



THE ATLAS DETECTOR AND TDAQ

The current detector allows full tracking up to eta 2.5, with calorimeter coverage up to |η|<5.
The overall structure will remain unchanged for the HL-LHC

8/4/2016 - ICHEP 2016ATLAS Upgrades - G. Volpi 3

Front End upgrade:
- Elettronica LAr (FE+BE): streaming di tutti i dati 

con digitizzazione “on detector” a 40/80 MHz
- Elettronica del Tile Cal.
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ITK
Nuovo tracciatore interno interamente al silicio. 
Layout da finalizzare. Copertura fino a η=4
Strips:

• 4 layers barrel, 6+6 layers endcaps, moduli 
doppia faccia 

• sensori n-in-p (p-stop) spessi 320µm.
• Lettura digitale tramite “ABC130” (130 nm 
CMOS) con doppio buffer. Supporta varie 
modalità trigger: acquisizione di tutti i dati 
(L0), oppure su richiesta del L1 (L0/L1), 
oppure priorità ai dati relativi alla regione di 
interesse (ROI) (L0/R3/L1).

• Alimentazione: DC/DC converter sul rivelatore
pixels: 
• 5 layers barrel, vari layers endcap
• varie opzioni ancora aperte per la scelta della 

tecnologia dei sensori

Nuovo TRIG/DAQ
- L0 [Calo+muon] @1MHz 
- (opzionale: L1 [Calo+Muon+ITK])
- Tracker@L1 → high rate regional 

tracking (pt > 4 GeV)
- FTK++ → tracking completo a HLT

ATLAS, upgrade di fase2

Camere a muoni
- Nuova elettronica r/o per RPC e TGC
- Nuova elettronica r/o per MDT (L1)
- Nuove “thin-gap” RPC + sMDT 

(30mm → 15mm) nel layer più 
interno del barrel

- high-η tagger per coprire fino a |η|=4



TRIGGER L1. 
Elettronica “back end” rinnovata (sistema modulare 
basato su FPGA). Trasmissione dati su fibra ottica. 
Incrementati sostanzialmente:

• il flusso di dati e la granularità disponibili a L1
• complessità nelle decisioni L1 (es. τ ID)
• migliore integrazione del sistema µ
• sottrazione PU sulle primitive calorimetriche
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Phase-2 Overview

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

pixel
• 4 layer, 3 dischi
• pronto per operare @ 2E34 Hz/cm2

HCAL (HB, HE, HO):
- nuovi fotorivelatori (SiPM al posto di HPD)
- elettronica “Front End” + “Back End” rinnovata

- HF:
- nuovi fotorivelatori: MA-PMT al posto dei PMT

Rivelatori µ:
- YE4 → quarto endcap µ (CSC, RPC) durante LS1
- DT: sostituita l’elettronica sulle camere (minicrate). 

ROS (readout server) e TSC (trigger sector 
collector)  spostati in USC. Segnale digitalizzato 
sulle camere e trasferito via link ottico in USC.

CMS, upgrade di fase1



Il rivelatore pixel di fase1 di CMS
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Material budget 
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     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


