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Where do we stand?

oCurrent LHC schedule We are here
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The CMS
detector

Superconducting
Coil, 4 Tesla

TRACKER W
~1.8m2 100x150um?2 Si-pixels
~200m2 Si p-strips
~130M channels

Total weight 12500 t
Overall diameter 15 m
Overall length 21.60m

~3400 scientists
245 Institutes
57 countries
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The High Luminosity phase of LHC (phase-2)

LHC experiments will undergo substantial upgrades to be ready for phase-2 in 2028; the CMS Tracker needs to be
completely replaced because it will underperform in the harsh HL-LHC conditions and will not survive radiation...

LHC 2010-2025 HL-LHC 2030-2040
7-14TeV 14 TeV
LIST= 2 . 1 034cm'23'1 LIST= 5'75 . 1 034cm'25'1
PU<50-60 PU=140-200
L 7= 450fb-" L 7= 3000-4000fb-1

PU mitigation - —
High rate capability
Radiation hardness EB[ele[¢=le[st

Reduced materia
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CMS Experiment at the LHC; CERN
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults
https://link.springer.com/content/pdf/10.1140/epjc/s10052-014-3053-6.pdf
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The hidden upgrade

Passive material is one of the current tracker main limitations; it is dangerous for tracking and
downstream detectors. Degradation in tracking (vertexing, impact parameter, momentum resolution,
pattern recognition) and in electromagnetic calorimeter performance. The Tracker Upgrade project is
committed to minimize the passive material!

0.04

(]

4/ E

0.035

0.03

0.025

0.02

0.015

0.01

0.005

o

8 TeV
CMS i Module boundaries —$— Ry 20.94
Simulation 1| Barrel/Endcap transition —#— R, < 0.94
=
= i o
- L |
0 0.5 5

ECAL energy resolution in H—yy events for converted (not
converted) photons in the upstream (tracker) material
(source); the tracker material profile (Xo) is superimposed.

Efficiency

G.Sguazzoni The CMS Pixel Detector for the High Luminosity LHC VERTEX2022

0.7

0.6

0.5
25 -2 15 -1 -05 0 05 1 15 2 25

e
[T L

0.9"

0.8}

i CMS Sfimuliatioh

l§

Efficiency

0.7L

0.6

b
[ [

0.9"

0.8/

_l|||i||||illlli|l||illllil|l|i|||lil|||i||||i||||—

0.5
25 -2 -15 -1 -05 0 05 1 15 2 25

4

Track reconstruction efficiencies for pions (left) and electrons (right) as a function of n (left),
forpr =1, 10, and 100 GeV (source).
The tracker material profile (in Ai and Xo respectively) is superimposed.



https://iopscience.iop.org/article/10.1088/1748-0221/10/08/P08010
https://iopscience.iop.org/article/10.1088/1748-0221/9/10/P10009

The
phase-2
upgrade

NEW TRACKER

Radiation tolerant - high
granularity - less material

Tracks in L1 trigger
Coverage upton ~ 4

e

MIP TIMING LAYERS
Barrel: LYSO + SiPM
Endcaps: LGAD

TRIGGER/DAQ

L1 (hardware) with tracks and
rate up ~ 500 kHz to 1 MHz

Latency =2 10 us
HLT output up to 10 kHz
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CALORIMETERS

ECAL Barrel

New FE electronics

///

MUON

Replace DT FE electronics

New Endcap
Calorimeters
Radiation tolerant -
nigh granularity
nvestigate coverage
upton-~4

Complete RPC coverage in forward region

(new GEM/RPC technology)



CMS (Inner) Tracker upgrade requirements

The Outer Tracker and the Inner Tracker are part of the same project. Some requirements do apply only on the IT and viceversa

eRadiation tolerance and cold (-20°C) operation to be functional up to 3ab-1' (with margins to comply with the
best performance scenario)

e Optimized layout and granularity for robust pattern recognition in 140-200PU environment (occupancy <O(1%) for
the OT and <0(0.1%) for the IT)

e Reduced passive material with respect to phase-1 tracker

* TrackFrigger-capabilitiesto-contribute-te-L} (only OT) N.A. for the Inner Tracker

eLarge readout bandwidth and deep front-end buffers compliant with the rate (750kHz) and the long latency
(12.5ps) of the upgraded L1 trigger system

*Coverage up to [n|~4 for efficient PU mitigation and better physics objects reconstruction in the forward region
o Extra requirements:

every forward part of IT usable as a luminosity monitor

*|T fully accessible for maintenance and part replacement

G.Sguazzoni The CMS Pixel Detector for the High Luminosity LHC VERTEX2022 10



The new tracker layout
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https://cms-tklayout.web.cern.ch/cms-tklayout/layouts-work/cmssw-models/ZA_OT800_IT702/index.html

The new tracker layout - Inner Tracker

108 1x2 mod. (3D)
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Disks have
planar
geometry

Relatively simple
removal/
installation
[smaller L1
radius since
beam pipe bake
out can be done
wo/ IT in place]

Barrel splits in
half but central
modules are
staggered

Example of installation/removal
tooling (TEPX)
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Building block: the CMS Readout CHIP [C-ROC]

eEvolution of RD53A, the CROC is developed by R [FE— . e
the RD53 Collaboration, a joint ATLAS-CMS 59 ] | seonosre earre oteenalre

effort for HL-LHC pixel detectors readout chips ey o . RD53A [400x192]
Rev 1.0 O e = .. ' ,
.LOt Of Effort OngOing to SUb mlt the prOdUCtiOn b b ” KR J.[Tf".ﬁﬁﬂufﬁ"ruﬁﬁﬁ ‘Jlmrg[‘muunm | TR SR mmz -.;;.,;._;;i;;;;;;;;:;;_f
chips, now scheduled for November ‘22 (Atlas) Common ATLAS/CMS orofof = = mm
o profotype = b = 2
and Aprll 23 (CMS) w/ three different FE e ol oo voss s oo ittt
. hitect
Cell size 50x50 pm?2 TP
Technology CMOS 65 nm “
-
Hit rate 3.5 GHz/cm? RD53B CMS (CROC V1)
Triggerr
| igger rate /50kHz (432x336)
Trigger latency 12.5 ps size: 21.6 x 18.6 mm?
Min. threshold 600 e-
Radiation tolerance | > 500 Mrad @ -15 °C  CMS prototype w/ final size and
linear FE
Power < 1W/cm?
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Building block: the pixel sensors for >10'neq/cm?

ePlanar n-in-p sensors: The pixel n* n* p+h LS
»bias up to ~800V and spark protectior? bejtwee.n ROC and sensor. olanar and N N B y ~olo~
»Vendors: HPK, FBK & LFoundry; tendering is being completed! 3D concept gg 4 S
3D sensors for barrel L1 *|? planar 23 | 3D
»Vendors: FBK & CNM; tendering in preparation , 31'5’\ s 1
150um bulk thickness, 25x100pum?2 pixel cells [6x smaller wrt than e . i ke
current pixel phase-1]
»bump bonding pattern is 50x50pm?2 2x 25x100um? : X 1

»cross talk issues studied and minimized (i.e. bitten implant on planar) 2

o T | cells for the
eExtensive irradiation plus test beams (CERN, Desy, FNAL) campaign  planar and 3D,
to establish radiation hardness of the sensor+ROC assembly! respectively |

Tray of C- re
ROC sensor /s
modules
arranged for
iIrradiation
@IRRAD

......

Detail of the anti-xtalk
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Sensor performance after irradiation

100 -
90 -
80 -
X X 701
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509 —f= Stepper-1 - (15x10*%nq/cm?) - THR=1500e >
=g Stepper-2 - (14x10*°ng,/cm?) - THR=1400e 20 mefp= STD - (7x10*°ngq/cm?) - THR=1300e
40 - .
- 4= Stepper-2 - (14x10%*°ng,/cm?) - THR=1500e - Turn = 10 deg == BITE - (11x10*°n.,/cm?) - THR=1400e
304 —#— Stepper-2 - (18x105n.q/cm?) - THR=1700e 30 - —4— STD - (18x10*°neq/cm?) - THR=1450e
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20 11— | . | | | 20 1— . . : : : : :
60 80 100 120 140 160 100 200 300 400 500 600 700 800
Bias Voltage [V] Bias Voltage [V]
Irradiated (KIT) FBK 3D Irradiated (KIT) FBK Planar
[up to 1.8x1016ngq/cm?] [up to 2.4x1016ngq/cm?]
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Getting the power in and out the IT

- High Granularity

* CMOS @65nm ASICs
(radiation resistant but low
operating voltage)

- Large area

- Large Bandwidth

- Small collected charge
(thin sensors)

N

- Large consumption of
digital circuitry (bandwidth)
and analog circuitry (low
threshold and low noise)

2 billions channels

Very large power
budget: ~60kW @~1.2V

G.Sguazzoni The CMS Pixel Detector for the High Luminosity LHC VERTEX2022

Power
Supply

Direct powering
50kW/1.2V ~ 40kA
(20kg or 10%Xo of Copper)

X

cower |2 oL 16 Local (POL) conversion
Supply ~1.2V DCDC converters not enough radiation x
hard, heavy and bulky (no space)
~1.2V - n Serial V
Power .
Supply powering '

e POWERING: only serial powering is compatible HL-LHC for IT

* major technological challenge: never been used on large scale.

eall chain elements see the same current (by construction); voltage is equally shared if
all elements represent the very same and constant load...

* COOLING: two-phase -30°C CO2 cooling system;
efor the entire IT+0T: 5x 50kW cooling plants for redundancy, one always in stand-by
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SP with the ShuntLDO

VIN IIN
Qj l iref
ref — _
>— [ l'LOAD+|SHUNT~1 000 iref
M1 R
regulator
Hshunt
actual load Ma ‘< 1
[ROC core] <1000

L\ +

l lLoaD ISHUNT l VOffset<

l Shunt headroom

Failure

Power burned in <
shunt-LDO

Chip max
current |

Digital current

Chip current Analog current
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Vi
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@ o regulation domain
0.25 A
0.00-**““‘-'l T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0

e[ntegrated on-chip solution in[A

»Low mass, Radiation hard, no extra ASICs

eEquivalent to a resistor in series with a voltage source

»Healthy behavior in parallel configuration (Digital and Analog domains in
the same chip and on chips on the same modules)

eEach module has its own local

ground

»impacts HV distribution to sensors and
/0 must be in AC

eNeeds some overhead power




IT module structure

. g HD| —_—>
[high density interconnect]
The HDI is a completely Sensor
passive object (connectors, I
. . e + ROCs
filters, line terminations...) T

assembly
[aka bare module]

L 4

Aluminum Nitride rall

. —_—D
[if present]

Exploded view of a TBPX 2x2 C-ROC module

Transverse view of a TBPX 2x2 C-ROC module [not in scale]
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Module zoology
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‘I\\e\(\% '\6? 0\5‘6 I

AY
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MV
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SP current path

SP current path
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5®P\ 13/7/

CROC
modules

Ring 3 ; Ring 1 = W
\

> ?’ \' TEPX ;or’o‘fotyp‘e modules : / : f&[

S8
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TEPX
RDS3A 2x2

Rice U. &

| 5 py mo | — module

FPix_1x2_HDI F A
Rice U, 172172022 . 54 pioen @ 2221 PisH-4

€€c
&8< 1048

G O0IPE8

TEPX
CROC digital
2x2 module

Handling
Areaq

C/R=Iretes
CMS TBPX C/R-GND » =

ETHzml/r,.h

Sy —
< — s .
Lot == R

| 1ER0IER FiananeE v L LLLLL R L LU LR L

12

.—“l
g Pt B

‘g = gun -
’ e}

RDS3A TBPX dlgltal 1x2 module RD53A TBPX 2x2 module w/ rails TBPX CROC digital 2%2 module
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X

-

o
d

0.6

Parylene coating )
| | | - = s— FBK_STD_02 -25 degrees 1.8¢16
*Planar sensors modules: spark protection treatment to withstand HV bias ‘= @
up to 800V after irradiation E S A e
. . . . E O
eCoating with Parylene-N (18um thickness) from SCS Coating -
Irradiation tests performed on single ROC+sensor assemblies up to 2.3x10%6neg/cm? |-
»Measured and thermally cycled in the climatic chamber and/or beam tests up to 1kV+ ,,—
e|n production the coating will be applied on the assembled multi-chip - gpa— | ~ Bias Voltage [V]
modules o 200 400 600 80 1000\/loltalge/\/l
»full module coating already validated on prototypes Post-coating, post-irradiation IV of HPK
»new step involving extra shipments and logistics and FBK single chip modules
»masking is needed fo connectors and pigtails (and backside if thermal performance is

critical) Connector

I

TBPX 2x2 C-ROC module with the regions to be masked during coating Sketch of the coating working principle
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Module assembly

For all approaches we have
demonstrated an assembly
accuracy in the
10 to 20pm range

¢ TBPX - barrel

» manual assembly with jigs and templates
» glue distribution by using stencils

» one extra assembly step for the rails

» throughput by parallelization

fora TBPX RDS3A demo-module
G.Sguazzoni The CMS Pixel Detector for the High Luminosity LHC VERTEX2022

TFPX - small disks

» assembly by jigs and templates but parts
placed by using a gantry that corrects for
position with respect to reference markers

» same tooling in all TFPX assembly centers

» glue distribution by
using stencils

» throughput by
parallelization

Module carrier Launch pad Gluing fixture”:‘f‘-‘é

Assembly jigs in the TFPX/US
community and a the gantry optics

e TEPX - large disks

»a multi-tool robotic arm pickup and glues
the parts arranged onto an appropriate
tray beforehand

» glue deposited by using stamps

» assembly in batches (6 to 24 modules); up
to 3 batches per day possible

|4
r!:! r

T

The TEPX robot in PSI with the tool/
parts tray underneath
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- X B D
» [ [ | AN © O @)
3D choice motivations 2ESS O
O G; S 3.5x1016n/cm?
Qperating innermost layers/rings until the end of HL-LHC program is not &2 5 v 16{
realistic assuming the ultimate scenario (4000/tb at the end of the 1.9x1076n/cm? '
HL-LHC) . -
»Replacement of innermost layers/rings in LS5 v v

" >
» Choice of 3D for barrel layer #1 to ease the L1 modules thermal management = ] ] :
Startof RUN LS RUN LS RUN Endof

despite the accurate optimization of the cooling pipes dimensioning and routing, 1, | HC 4 A 5 5 6 HL-LHC
mechanical supports and interface materials

. Planar
O
8 3
= /
|_§ = nominal working point
2 Teo2=-33C§
The COZ Coooling pipes run -55 53 51 -49 -47 -45 -43 -41 T::z (—:7C) -3 -33 -31 -29 -27 -25 -23 -21
W underneath the ROC periphery where, 1 o |
N due to the p|acement of the ShuntLDOS, Qualitative behavior of Tsensor VvS. Tcoz for L1
most of heat dissipation takes place planar and 3D modules
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TEPX as luminometer in PhaseZ

eThe Pixel Detector plays a major role in the luminosity measurements in RUN1-3 . ’
TR Y %
*TEPX (~2m2) devoted also to luminosity measurements: Y H
roperated in when beams are safe (ADJUST, STABLE BEAMS) and during VDM scans; %i:iﬁlgidence
rrequires dedicated/special DAQ /(%T ?7@7\&
»no data taking: all bandwidth available for lumi triggers (up to ~10MHz); N I
»during data taking: special triggers (+10%, 75kHz) added to physics streams. E |
» TEPX D4R1 (outside Tracking acceptance) is fully dedicated to Beam Radiation Instrumentation and
Luminosity (BRIL) to measure beam background & luminosity during Machine Development and Unsafe ATITX
Beam Conditions. g@g
»Several methods under study for the luminosity measurement (dedicated lumi processors in the back ] X D4R
end): cluster counting; multi-hit stub counting using overlaps; track counting (needs back-end processing)
40 MHz - Real time 750 kHz — CMS Level-1 trigger ~75 kHz - Lumi-specific trigger 1002040608 10 12 14 16 18 20 . y joo - Ow T ‘o
/ Lumi-tracks R _l | I [ [/ [/ [/ / / i Z Z = — —
) ==~ Histograms 250 |— | a2
D—> | Full data : i;él]i(lj:%l;/t an 200%_
l||l Level-1 accept event Trigger 150 ?
ID by event # book-keeping —
Inner Tracker Front-end e s e e | 100,—;-_ 4.0
- T W
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On-detector Front-end = Back-end

DAQ and other system aspects

Serial power chain High voltage for sensors

eUp-links: data on L1 accept, monitoring info to

DAQ and control system

»Up to 6 electrical up-links @1.28 Gb/s per module to
LpGBT

»Modularity depends on hit rate (location)

» Efficient data formatting to reduce data rates (factor ~2)
| 25% bandwidth headroom on e-link occupancy

Low voltage for readout chips :_ Power
| supplies

of pixel modules

Low voltage for portcards

Data, Trigger
and Control

160 Mb/s

|
!
I
|
|
I
|
|
I
I
|
|
I
I
|
I
I
|
|
|
|
I
I
|
I
I
I
|
I
I

1.28 Gb/s 10.24 Gb/s
eDown-links: clock, trigger, commands,
configuration data to modules Block diagram  Electrical links Portcard Optical links
»One electrical down-link @160 Mb/s per module from of the IT DAQ Lumi
LpGBT system

eCommunication electronics hosted on 680

dedicated opto-converter boards (Portcards)

ypositioned on the IT service cylinder
»a portcard hosts 3x [pGBTs and VTRx+ links, powered
via DCDC converters (1x bPOL12V + 1x bPOL2V5)

eBack-end electronics

»28 DTC (Data Trigger Control) boards
»Lumi processors

FPGA in
socket

FireFly Fiber Optics
10f 18 (or 19)

FPGA soldered
to board

TFPX disk with _
portcard 170 mmx 200

cartdrige DTC
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Sketch of the IT Serial

Power system
Power chain w/ the

o>60kW in total cable cross sections

ePixel modules SP chains HV+LV

»500 serial power chains (164 @4A, 336 @8A); 5 to 11
modules/chain

»High voltage bias is distributed in parallel to modules
in each serial chain

eOptoelectronic services (680x port cards w/ l |
LpGBT and VTRX): /o

»on-board DC/DC converters (parallel powering order of ~ 1.5 — 3 V voltage drop
scheme, similar to OT)

*Cooling system pre-heaters (~350)

~ 35 — 150 m
~ 3.3 (U'km

Bl 0 Ck backboard
*Power supply (current sources) system operates  dgiagram of
. . . PSU:
inside the CMS_experlmentaI cavern I__'E*(‘)‘jv 'eTr 1 Sorial Powe (0-10A, max 35, S50 DSUB-9
= - , max 20m
»straly r_nagneuc_fle'C_l Of Up to 100mT _ Supply 1 LV (optoboards: 8+12.5 V, max 1.5A, 15W)
rradiation (considering 10y operation up to 4000/itb): Module | |1AUX (pre-heater: 8:20 V, max 2A, 30W) AMP M series 42 positions
»dose: 5Gy (with dose rates up to 5x10-5Gy/s)
»fluence: 3x10""neq/cm? (with rates up to 750 n/cm?/s) Tsslé;ial ower (0-10A. max 35V, 350 W) CABLE: |
»5.6x1010 HEH/cm? (E>20MeV) (with rates up to 140 2 HV (0 +-800 V, max 20mA) g h\’v“&f?ess(fb‘fﬁi)' Power
HEchmZ/S) 1LV (OptOboardS: 8=12.5 V, max 1.5 A, 15W) 12 LV wires (Optpboards)
1 AUX (pre-heater: 8+20 V, max 2A, 30 W) 4 LV wires (pre-heaters)
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Performance

CMS Simulation

CMS Simulation

Simulated muons
p.= 10 GeV

S S

Thanks to the better granularity and the
reduced material, the upgraded tracker
improves on all physics observables even with 200 PU.

IT is crucial for seeding, the first reconstruction step.

- In front of IT sensors

Inside IT tracking volume

- Between IT and OT
- Inside OT tracking volume

1.6 — Phase-2 Tracker

— CMS Simuration

X/X,
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CMS Phase-2 Simulation

Track reconstructlon
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Conclusions

Current Phase-1 pixel detector

~1.8m2 Silicon Sensors

123M 100x150pm? pixels

1856 Modules :
100kHz max readout rate “ %
15kW power budget 'S S % A
N o) Ir™, P '
Inner Tracker

®
7 O/ 1PF "
= . P- - \ 4
— // ‘

CAD bésed study of the servic

s distribution on the TBPX flénge
eThe CMS Upgrade Inner Tracker is a frontier-technology and extremely
challenging project
~2B 25x100pum? pixels 21 Pl

~4'000 Modu
7/50kHz readout rate (on L1 acce

(upgraded Pixel Detector)

~4.9m2 Pixel Silicon Sensors

eS

eThe design is finalized or close to finalization in all the main areas
ot) (modules, electronics, mechanics, cooling)
50kW power budget

eProduction and detector integration is ahead of us!
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Thank you!



