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Year

HL-LHC after LS3 (>2027): instantaneous luminosity increased beyond

S5E34 cm2 51 ~300 fbo! per year (~same luminosity collected in
Run1+Run2+Run3), Vs=14 TeV

Goal: at least 3000 fb-1 after 10 years of operation
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PHYSICS AT HL-LHC <
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Exploﬂ ulhme LC hy5|sofn’rc|l |th >3000 fb 1

Ultimate precision for some '
Higgs couplings at few %
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Expected uncertainty

BSM direct searches: leave no stone unturned

— No sign of BSM so far. New physics not in the explored mass range or more weird
— Novel ideas to explore regions so far not covered (long lived, low mass...)

Indirect search for BSM: precision measurements in SM, Top or B-physics
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THE CHALLENGE
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CMS Average Pileup (pp, vs=13 TeV)
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Challenging PU conditions at HL-LHC. ~ 2 :
Increase in inst lumi comes with higher number of ' 8; Torulo | :
interactions per bunch-crossing E 1'2§T133 mU o | | E
— Thousands of tracks, calorimeters clusters, etc to be ‘% 1:2§_LHC E
associated with respective production vertex @ 10 3
— Event density >1.5mm-! (x 5-7 compared to LHC) will o 08 E
challenge tracker spatial resolution — g'ig E
- Track-vertex association: now done requiring |dz|<Imm. (,f E
PU contamination deteriorates event reconstruction ok AR :
— New idea for PU mitigation: exploit beam spread also in 0 ertex pogi%onz(%m)so
time
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_EFFECT OF PILE-UP IN EVENT RECO @9\'
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Density (events/mm)
Fraction of pile-up tracks associated to the hard-scattering event can reach up to
30% at PU200 conditions. Track based informations will be no longer PU free
Significant impact on object reconstruction from PU contamination: e.g. r lepton

identification efficiency reduced by 20-30%

Similar effects also for global quantity (eg missing Er). Perfformance reduction
impacts at analysis level, reducing gain from luminosity increase
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BEAM SPOT SPREAD (INFR
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Bunch crossing extends in space (along the beam direction) and time
Nominal LHC optics: RMS in space ~5cm, in time ~ 180ps

If beam spot can be sliced in ~30ps time exposures, pile-up in a single
exposure drops to current LHC pile-up levels

Paolo Meridiani 6




CMS UPGRADE FOR HL-LHC INFN
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New Tracker

e Radiation tolerant - high granularity - less
material

* Tracks (P>2GeV) in hardware trigger (L1)

* Coverageupton~4

Muons

* Replace DT and CSC FE/BE electronics

* Complete RPC coverage in forward
region (new GEM/RPC technology)

* Muon-taggingupton~3

v/

’/ o
' | New Endcap

' | calorimeters

| « Radiation tolerant
4| « High granularity
K T|m|ng capability

Barrel ECAL

* Replace FE/BE
electronics

* Cool detector/APDs

* Timing

New MIP T|m|ng

Trigger/DAQ

* L1 (hardware) with tracks
and rate up ~ 750 kHz

* L1 Latency 12.5 us

e HLT output rate 7.5 kHz

Detector
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CHANGE OF PARADIGI\/\ 4D TRACKING INFN
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Simulated Vertices

0.6 3D Reconstructed Vertices PU ~ 200 High preCiSion ﬁming (~30p$) fOI’

——e—— 4D Reconstruction Vertices

—+—— 4D Tracks Ilqu C kS

— Can reconstruct vertex not only in
space but also fime

— timing (time-of-flight) can also be
exploited for particle ID (BSM
searches and flavour physics)
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Track-vertex association using frack timing

— 3-5 reduction of PU contamination using also
time at vertex information eg | At(track-
vertex) | < 3 ot

— PU contamination per vertex reduced to
current LHC conditions
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I\/\TD IMPACT LEPTON ID INFN

Istituto Nazionale di Fisica Nucleare

C>J‘ 1.1: l l:
g [—-rmeMm r..e.l...cﬁlsqs..opa :
: : '51.051
Simplest (yet effective) & | . wmrp, o,=40ps
application: lepton = £ SR R :
isolation s
— Isolated leptons main 0.0.95 4
probes at LHC in several
final states (eg. H—~ZZ—4, 0.9
H—zz, ...) 5
— Reduction of PU 0.851
contamination in ‘ i
Isolation cone: gain up 08i <to .
15-20% for lepton 0 0.5 1 1.5 2

identification Line density (mm'1)
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No Timing
Barrel Timing Only

Barrel+Endcap Timing

Increase in HH— bbbb Yield
Barrel Timing Only : 14%
Barrel+Endcap Timing : 18%

Reduction of PU contamination helps to maintain performance at high pile-up
for more complex algorithms, such as identification of displaced jets, aka b-

tagging

Significant acceptance gains (~20%) when looking at final states with several b
(e.g. HH—bbbb, HH—bbyy)
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MTD IPACTI I\/\SINGET INFN
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Also gain in resolution for global event properties, such as momentum
pbalance in the fransverse plane, missing transverse energy

Improvements eg. for reconstruction of invariant mass for events with
neutrinos (e.g. H—zz) or searches (e.g. SUSY)
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TRACK + NEUTRAL TIMING MFR

=

Track-timing complements timing capabilities in upgraded CMS calorimeters
— Barrel: ECAL upgraded electronics, precise timing for y ~30ps above E>40-50 GeV

— Endcap: new HGCAL, precise timing for y ~50ps above pr>3-4 GeV

Track+neutral timing can be combined in PU robust particle flow algorithms
(being developed)

Another example: identify H—yy production vertex using the tfrack+ECAL timing
information without a “pointing” calorimeter

| CMS Projection 3000fb™" (13TeV)
o
' t, H—=yy
. ) .
! = /’ fiducial volume : §2 (80% Vertex Efficiency)
/ - = t2 p:en ("I1 (2)) > :‘; ( % ) m. S2+ Calorimeter and MTD timing
; -
I T - h]gen (71 2)' <25 S2+ Calorimeter timing
Y /-_\/ /// Y ’ '50::33@,‘2“ 10 GeV S2+ No timing
4 l ) - = - — /\
o * - S/(S+B)-weighted | F 052=1.71 G
g — - \ g _.=1. eV
"—K/.___L_:/ ﬂv/ - signal models ‘;,\"‘ | off

—

arbitrary units
|

ECAL photon time + vertex time from MTD
recover ~80% vertex identification _
efficiency, similar to LHC current ]
performance :

.
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PU MITIGATION AT ANALYSIS LEVEL  (NFN

= _ _ = = P —— —_— . — —

Improvements on event reconstruction from timing impact at analysis
level across the full HL-LHC physics program, leveraging on gains on
several observables and physics objects

For many channels, the gain is equivalent to 25-30% increase of
infegrated luminosity

Signal Physics measurement MTD Impact
HH +25% gain in signal yield Isolation,

- Consolidate searches b-tagging, MET
H-2>vy +25% statistical precision on xsecs Isolation,
H->4leptons - Couplings Vertex identification
VBF+H->TT +30% statistical precision on xsecs |solation

- Couplings VBF tagging, MET

EWK SUSY 40% reducible background reduction  MET
- +150 GeV mass reach
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TOFPID: FLAVOUR PHysics €8

Phase2 Simulation {s,, = 5.5 TeV
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TOFPID:BSM A

TOFPID can also be applied in BSM "
searches, eg heavy stable
charged particle (staus, gluinos,...)

— a new handle in addition to dE/dX p

CMS Phase-2 Simulation 14 TeV
LI I LI

|IIII|IIII|IIII'IIIIIIIII'IIIIII

i ——— SM (MTD)
SM (no MTD)

| | HSCP T (M =432 GeV)

1/p resolution improved by 1 order 107" E

of magnitude

large reduction of SM background
— signal acceptance gain

Fraction of events / 0.004

ll.nllllllllllllllllllllll
11 12 13 14 15 16 1.7
1/
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BoM: DISPLACE
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D OBJECTS INFN
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nevutralino, decaying into Z+gravitino & p MOmroocen i onen MGt e
° D R -
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Can close kinematics measuring S e oo
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0.05[—
Nevutralino mass can be reconstructed ;.-c;gﬁg
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_THE CMS MIP TIMING DETECTOR

CERNE o o

MTD project approved by CERN

research board at the end of 2019 CM S

— Culmination of an R&D phase
started in 2013, exploring various
technologies for fiming

Several italian institutions involved

— MiB, Rome, Padova, Torino

— Rome has responsibility for
qualifying LYSO crystal vendors
and crystal QA/QC during

construction phase A MIP Timing Detector
for the CMS Phase-2 Upgrade
Technical Design Report

https://cds.cern.ch/record/2667167

Paolo Meridiani




Istituto Nazionale di Fisica Nucleare

M g

—— — .

ldeal solution: a 4D capable fracker, but fechnology not yet mature enough.
R&D ongoing for future colliders

CMS solution: 2 thin timing layers for charged particles installed between
tracker and calorimeters

— Almost hermetic coverage for |n| <3

— Different technologies adopted for barrel and endcap: choice driven by
radiation hardness, cost, power consumption/channel count

BTL: LYSO bars + SiPM read-out

= TK/ECAL interface ~ 45 mm thick

> |n|<1.45 and pt> 0.7 GeV

= Active area ~ 38 m?2; 332k channels
= Fluence at 3 ab1: 2x10%* n,,/cm?

ETL: Si with internal gain (LGAD)

= On the HGC nose ~ 65 mm thick

> 1.6<|n| <3.0

= Active area ~ 14 m?; ~ 8.5M channels
> Fluence at 3 ab™: up to 2x10*> n.,/cm?
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BTL TecHNOLOGY (v

— — e —— —_—

Lutetium-YHrium orthosilicate, Cerium doped LYSO:Ce matrix 1x16 /7
crystals (LYSO:Ce) 22
— High light yield (40k photons/MeV) e S e
— Fast (40ns decay time) —
— Dense (7.1 g/cm3), MIP deposit 4.2 MeV on -
average in BTL
— commercially available from several vendors LD
(PET)

— Excellent radiation hardness up to tens of
kGy

Silicon Photomultipliers as photosensors
— Compact (SiPM+package ~1mm), fast,

1
l
-
|

— 50,
insensitive to magnetic field §45; — s

— Photo detection efficiency PDE @ 420 nm g o et -
(20-40%) S zz

—~ SiPM active area (~9 mm?2), match LYSO >
transverse size o ok

— Optimal SiPM cell size compromise between @ :Z
PDE and radiation tolerance: 15um I

— High intrinsic gain: 1.5-4 x 105 AT FONT PR TR PP |

V-Vbr [V]
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. BTL Module:

1x16 crystals
(32 channels)

— Basic unit: array of 16 LYSO crystals (57mm
length, 3.2mm pitch, 3 different thickness
vs 1) + 2 SIPM linear arrays on both ends

N e Crystal bar

— /2 tfrays on the inner surface of the tracker STTReaaC U J _
support fube, ~38m? e chamnets) 2L B

— Coverage | T] | <] .45, 332'( ChCIﬂﬂe|S ‘ BTL Tray:

6 Read-out units
(4608 channels)

—
/////
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+ gain layer |
Ras ¥ JTE 23

p++

Low gain avalanche silicon detectors pbulk

(LGAD)

— Moderate internal gain (5-50) thanks to @
dedicated gain layer: increase signal slew
rate (dV/dt) keeping low noise

— 50um thickness

— Pixelated array: fill factor ~85% for ~2mm?
pixel

— Operating voltage (reverse bias) up to

p++ P bulk

E field Traditional Silicon detector 1

~/00V
— Radiation tolerance demonstrated up to FBK UFSD3.2 Time resolution vs Bias
2E15 Neg/CcmM? | i s
Same technology also chosen for ATLAS B R At
HGTD A o \"":“7\'"".‘“'-li‘_;"“-"“*
S w % pe 34¥.
0 O == ———— \;‘——--—-; ————————————————
w o 1.5E15
E 21 pre-rad 1
T=-30°C -

0.. 1 1 1 ! 1 1 ! 1 1 1 1 1 1 1 |
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750

Bias [V]
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— Basic unit: array of 16x32 LGADs, pad  Thermal
size 1.3 x 1.3 mm?2
— Sensor bump bonded to 2
readout chips
— 2 disks per endcap: staggered
module layout on each side of each

disk

Istituta Mazionale di Fisica Nucleare
“Disks

screen

— 2 hits per track: 30ps throughout HL- Beam

LHC

— Coverage 1.6<|n| <3, 8.5M channels

axis

Sensors

Flex t\&.‘“"” "

Module

Paolo Meridiani
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BTL SENSOR TEST BEAI\/\ PERFORMANCE

INFN

Istituto Nazionale di Fisica Nucleare

tl d MIP tright
e];t X PITITS .> S "
‘~| LYSO :
, < >
SiPM Glue Glue SlPM

lieft = d/v

tright = (L —d)/v

1/v ~ 15ps/mm

SiPM readout on both ends of the LYSO bar
— 2 independent time measurements, tiert aNd trignt
— Average time tave = (lieft+trignt) /2 provides optimal
time measure independent of parficle impact point
— V2 gain compared to a single measurement

— From time difference tqirt = tieft-tright charged particle
Impact position can be measured (~3mm resolution)

Test beam studies confirm BTL expected performance:

time resolution <30ps

Paolo Meridiani
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BIL TiME RESOLUTION e

. .

—120
SiPM dark current increase due to radiation T [ toumag  1op=30°C, Tam=+15°C
damage throughout HL-LHC T
- Low tfemperature: DCRreduced by ~1/2 every & "=~
10 °C, operating temperature < -30°C (CO» - total fluence ~ 2E14Neq/cm?
cooling) 60|
— Annealing during shutdown 1keepDCR/§PM SOYERE o
_ Increase of dark current limits also the SiPM wold o e SV A
operating voltage (limited power budget)
— Possibility to use small thermoelectric coolers i
on the SIPM package under discussion ol I L.

Illll\l | 1 IIIIl I|I
0 500 1000 1500 2000 2500 3000 3500

Time [days]
15-120 |
. . f=¥ B Total time resolution ' T =-30°C
Time resolution <60ps after 3000 fb-! § 1ol Photostatistics I
— Contribution from DCR noise becomes the s | oonmee
largest contribution after 1000 flo-! > I Digiization
— Photostatistics dominant contribution at the E o Clock

begin of operations
— Electronics+clock distribution contribution ~ “or-
1505

20

L L1 II‘I|III\|IIII
0 500 1000 1500 2000 2500 3000 3500 4000

Integrated Luminosity [fb™]
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BTL ELECTRONICS (INFR

A new ASIC developed: TOFHIR
Time Of Flight at High Rate

— Analog+digital ASIC, based on TOFPET2,
radiation hard technology (TSMC CMOS 130nm)

— DCR noise cancellation

— High hit rate: 2.5 MHz MIP hits/channel

— Power consumption: 15 mW/channel g& 35:_:§ s measurement
c | A simulation
30 | |
E ~1 fé/llP slew rate . . '
° ° ° ° B A
BTL module designed to minimise the B A A
distance between SiPM and ASIC PSR 8 S N S

300 350 . 400
Amplitude [mV]

module housing connector to concentrator card

0.5 mm thick copper

front-end (EF) board

SiPM LYS0:Ce crystal - FE ASICs spacers, tabs for module support
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MID

e

MTD HIGH LEVEL 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026
MILESTONES TIMELINE 0l 02 O3 04|01 02 O3 04|01 02 Q3 04|01 Q2 O3 04|01 Q2 O3 04|01 Q2 O3 Q4|01 02 O3 Q4|01 Q2 O3 Q4|01 Q2 Q3 Q4 |Q1 Q2 Q3 Q4
TDR Submission # ¢ BTLEDR ¢ ETLEDR
Barrel Timing Layer Design - Demo. Engin. - Proto. |Pre-prod. Production and integration Install. Tracker Installation Comm.
Support structure & Install. *B.1t #551 #552 | # 553 $ A7 9| azes edse
- Modules and tra 48. +Al A2 A3 Ad ¢ #A5 i'_;AL
E SiPM #5i1 452 #5i2 s e 55, #sis
Crystal matrices X1 X2 # * X4 5 Ad »
Front end boards $8.02 FE4p __#T1 72 | FESe 873 | #FE6og tre ofes
FE ASIC (TOFHIR) ¢B01 | ®B.04 #FEla | #FE1eFE20 ¢#FE2  #FE3 '
Endcap Timing Layer Design - Demo. Engineering - Prototyping Pre-pro&lctionr Production & integration |Install.
Installation 5X5 * 421 Uxs
Integration Ll 8¢ ¢ A1G ®A20
- Support structures e S§ ‘, 55‘7553.. 556 ‘,S 2_49 45_59 o o Lﬂ' #5511 #5512
E Module assembly + g01 Al A2e AZe ace| ear2 ¢ 413 Al4 ¢ A15 ¢ eAdi6  #a17
Bump bonding * A5 #26 $AT A3 *AS $A10 #A11
Sensors + E[02 .04 # 5i #52  #|si3 #5id | #55 #si5 | #5i7 #kis 4509
Service hybrids ¢ FE7 # FEB ® FEQ L FH10# # FE11 #FE12
FE ASIC (ETROC) * E|03 £.05 # FE1 # FE2 # FE3 : FE4 #FE5 #ft6
Power supplies #E£55.13 #ESS.14 #8.55.4 Tisflsss 1 ESS5#
Back-end system BE1®\ BE2 ¢ CL.1¢ ¢(L2 | #BE3 ¢ BEF ® BES | ® BE.6

Schedule is very tight for BTL as installation should start before tracker
— BTL integration 2022-2023, installation to start at the end of 2023, before LS3
— Market surveys ongoing for LYSO and SiPMs, towards the final tender+order (fall 2021)

ETL schedule a bit more relaxed, can be installed either on surface or in the cavern
after lowering HGC
— ETL integration 2023-2024, installation (on surface) 2025 during LS3

Steady progress despite COVID, small delays not impacting the critical path
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LYSO CHARACTERISATION IN ROME INFN

Istituto Nazionale di Fisica Nucleare

Last siep of LYSO vendor selecﬁon started 2

weeks ago in Rome

— LYSO is a “commercial” product (PET), several
producers worldwide

— Now measuring about 300 arrays + 200
crystals from 9 vendors

QA/QC during production will also be

performed in Rome

Custom measurement benches developed
for characterisation of LYSO up to -30°C
Single LYSO crystals and arrays qualified in
terms of
— light yield, decay time, time resolution, opftical
cross-talk (in arrays) measured using
radioactive sources ”/'{’j’/'"“\ o f'""“}'"".‘:‘"
— dimension, density, planarity (array) and 70782 S - S
uniformity ' ' =
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MTD is a major asset for the overall CMS physics programme at HL-LHC

- Significant improvements on several observables from PU mitigation with
precision timing (~30ps resolution)

- Physics gains for many final states are equivalent to ~25% more luminosity
(few years of additional running of HL-LHC)

- New powerful handles for BSM (in particular LLP searches) and heavy
flavour physics

MTD quickly moving into integration phase after several years of R&D

- Novel detector technologies adopted for barrel and endcap, new ASICs
developed, addressed several design challenges

- Several italian groups are leading this effort since the very beginning of
the project

- 2021 a key year for the project

Paolo Meridiani 28



