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Large Hadron Collider and CMS L'f»?

UNIVERSITA DI ROMA

 LHC 1s the world’s largest and most
powerful particle accelerator

- proton-proton collisions at 13 TeV

- 4 experiments: ATLAS, ALICE, LHCb
and CMS

 Precise test of the Standard Model
(SM) of fundamental interactions

muon chambers inner tracker ecal.
‘| .

heal.

- e¢.g. Higgs Boson discovery and study of
its properties

very forward
calorimeter
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* Search for new physics beyond the SM

- e.g. origin of dark matter in the universe,
matter/antimatter asymmetry, neutrino
masses verall et - 14.60m

overall length :21.60m
magnetic field :4T
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L HC and HL-LHC plans o

|LHC : <PU> ~ 40-60 | | HL-LHC : <PU> ~ 140-200

SAPIENZA
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Higgs discovery LSt EVETS 14 T
eV 14 TeV
13 TeV energy
5t07.x
splice consolidation cryolimit HL-LHC nomi
8 TeV button collimators interaction luminf Linst~5-7-1034 cm-2 s-1 I
7 Tev — R2E project — 3 regions insta"ation inst 5 0 c s
v Civ Eng P1 -P5
2011 | 2012 ‘ 203 | 2014 | 2015 | 2016 | 2017 | 2018 2019 ‘ 2020 | 2021 | 2022 | 2028 | 2024 | 2025 | 2026 ||H|HH 2038
| Linst~2-1034 cm-2 s-1 lm.As -CMS
experiment bgrade phase 1 ATLAS - CMS
beam pipes 2 x nom. luminosity 2 5 x nominal luminosity upgrade phase 2
75% nominal luminosity — ALICE - LHCb

nominal upgrade

luminosity /

 HL-LHC: upgrade of LHC and 1njectors to
increase instantaneous luminosity

- 10X more data = increased physics potential

AN ~ X O
5X more simultaneous pileup (PU) interactions dt 1nst.
. . rate of : cross
* CMS detector upgrade for HL-LHC conditions hysics  oiantaneous - section
Py luminosity  of ph
. . .. Process physICS
- sustain higher radiation levels process

- mitigate impact on physics of higher pileup
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Example of HL-LHC pp collision ™~

SAPIENZA

CMS Experiment at the LHC, CERN

Datavrecorded: 2016-0Oc¢t-14 09:33:30.044032 GMT .

Ru;a/ Event 7.8 283171t ;95092595 / 1;5 ~ 1 30 vertices ’
proton - _Jelfelrelg
bunch bunch

. Interaction
Z coordinate : vertices

> Real event recorded and reconstructed in 2016

Tracks
during-special run'with conditions similar'to HL-LHC " ,5iniy mips*)

*Minimum lonizing Particles

* Only 1 collision of physics interest in >100 interactions
simultaneously recorded every 25ns

* The rest are pileup interactions: noise for physics measurements
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High Vertex Density at HL-LHC ™"

~1mm

UNIVERSITA DI ROMA

* Current global event reconstruction relies on
track-vertex association in space

- optimal z-cut at ~Imm for track-vertex
compatibility

primary
vertex

At HL-LHC vertex density higher than 1 mm’

of interest
- large number of PU tracks incorrectly assigned
to primary vertex of interest 08— T
[ 2 HL-LHC 200 PU
- degradation in most event observables 025 s vl
0.2 -

e Challenge: keep current performance during
HL-LHC phase

- full physics program would benefit

Line density p.d.f.

1
Line density (mm )
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Collision vertices within a bunch crossing

. Simulated Vertices
o 3D Reconstructed Vertices VERTICES MERGED IN SPACE
" | —e— 4D Reconstruction Vertices BUT SEPARATED IN TIME
—+—— 4D Tracks
0.4 C EXAMPLE: 50 PU
_(for better visualisation)
02—
180 ps| RMS
coo0
02—
04—
1 1 1 | 1 1 1 L | 1 1 0.7
10 ° 48cmRMS =
< > Vertex z [cm] 0.6
0.5
* Time spread of beam spot ~ 180 ps 5.,
3 o.
. . . ©
- better time resolution o; => better vertex separation I 03

* New detector for MIP timing with target
resolution of 30-50 ps

- reduce pileup at HL-LHC ~ to current LHC levels
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Precision Timing for Pileup Mitigation

)
INFN

L—/.

! Basic Idea:
vertices merged in z

PU tracks incorrectly associated
to primary vertex of interest

CMS Simulation Preliminary 14 TeV

—

e LHC o L)
1 PU 200 0=35 ps
=3 PU 60 no timing
- HL-LHC | HL-LHC _
with timing = no timing
] | _l | I | —

0-4 4-8 8-15 15-25  25-50 50+
Number of pileup tracks per primary vertex
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i Design of the CMS Mip Timing Detector (MTD)
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wmsmx | Barrel (BTL) Endcaps (ETL)

BTL: LYSO bars + SiPM readout:
« TK/ECAL interface: |n| < 1.45
* Inner radius: 1148 mm (40 mm thick)
* Length: £2.6 m along z
» Surface ~38 m?; 332k channels
» Fluence at4 ab™': 2x10' n,,/cm?

ETL: Si with internal gain (LGAD):
* Onthe CE nose: 1.6 <|n| < 3.0
+ Radius: 315 <R <1200 mm
* Position in z: £3.0 m (45 mm thick)
+ Surface ~14 m?; ~8.5M channels
* Fluence at 4 ab™": up to 2x10%n, Jem?

® Thin-layer between tracker and calorimeters
® MIP sensitivity with time resolution of 30-50 ps
® Hermetic coverage for Ini<3.0
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 LYSO:Ce crystal bars as scintillators

 Silicon Photomultipliers as photo-sensors

SAPIENZA

BTL Geometry and Sensors L’f’?

Total ~166k
crystal bars

. Cyllnder (40mm thin, ~1m radlus) R
integrated in tracker support tube e

- share services and schedule with tracker

- excellent radiation tolerance (no loss of
transparency / light output at HL-LHC end)

= o )
BTL detector
72 trays: 2(z) x 36(p

- dense (7.1 g/cm’), bright (40k ph/MeV) 3321 chamncls

- fast: rise time (~100 ps), decay time (~45 ns)

(one S1PM per bar side)

- compact, msensitive to magnetic fields, fast

- good radiation tolerance

- photo detection efficiency (PDE) at LYSO
emission peak of 420 nm: 20-40%
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lest Beam Results NN
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« Extensive R&D campaigns to prove target resolution

Hodoscope planes
 Signal arrival time on SiPM proportional to distance (<mm resolution)

I V'/cro-channel plate

(reference time)

- sensitive to light propagation in the bar

- time difference: impact point along bar with <5 mm resolution

. . Lef i
e Combination of two uncorrelated SiPMs per LY SO bar Si:;n l— 2!%'.?,}

- uniform time response and improved resolution (<30 ps) Average MIP deposition in
across bar length LYSO bar ~ 4 MeV
LYSO:Ce 3x3x50 mm® - HPK 3x3 mm® (15 pm) gq LYSO:Ce 3x3x50 mm?® - HPK 3x3 mm? (15 um)
lal _I UL L LN L L LI B L DL L L LRI DL L L '_ 'a‘ :l LI L L L I L L Y L B l:
E 3.2~ thr = 100 mV °t(Left) '% 80 - thr = 100 mV o t(Left) I
?5 : V(bias) =72V * t(Right) : % g V(bias) =72V * t(Right) —g
= o Ve s E . = et T
= I : ¢ 6oF h 2 E
i 28__ .... o 0'... ) —— aé 502_ L P $ _i
i ..““,...:!.o!:ou...,“. i = n . Yo “-"y..‘# ¢ | .
261 oo . 0 e 3 TAEPT S I
B o ®e, . - ’ ¢ * ] 30 pS
n °o® o - P . P ST .
i . ®ee i 30[ O PR P 1 <
- - - * ¢ ¢ 1 TARGET
2.4 o i
- ] 20¢ 1 RESOLUTION
2.2f . 100 E
_l L1 | l ) I | I | I l L1 11 I | I l | I T | l 11 l— 0 :l 1| | | I . | I | | I | | | | I | I | I | I 11 l:
—10 0 10 20 30 40 -10 0 10 20 30 40
Hodoscope X [mm] Hodoscope X [mm]
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Radiation Damage on SIPMs (™"
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—120
[ ] [ ] [ ] [ ] N -
« Radiation creates defectsinS1 T [ No annealin
0] g
" 14 —_— | —— 2 weeks /year
=> mcrease probability of thermal ool — 2heaelvesr
electron emISSIOn 8 B Unrecoverable component
: Dark Current Rate (DCR) 80__ SiPM: ......................................................................................................
" | 30x30 mm?
- 1ncreases power consumption 60/ 1T5H"; gfé’ ......................................................................................................
- degrades time resolution | OV=15V
e I A
. . . . 20:— -----------------------------------------------------------------------------------------------------------------------------
* DCR noise mitigation by :
R 4 i
1 o _lII|IllIIIIIlllllllllllllllllllllll
- COxcoolingat-30°C . % 500 1000 1500 2000 2500 3000 3500
- annealing of SiPMs at room " Time [days;
temperature during shutdowns ~3.5V  Decreasing OV=Vpias-Vbreak ~1.2V
. . . >
- lower SiPM bias voltage during . >
: 30-40% Decreasing PDE 15-20%
operation .
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 Timing resolution will degrade
with HL-LHC integrated luminosity

- Photostatistics and noise terms
dominate

Trise'Tdecay

phot Trise'Tdecay

X —£CR X
pe

X \/ Eqe, LY LCE-PDE

vDCR
Fgep LY -LCE-PDE

OtDCR

*LLCE = Light Collection Efficiency

* Main properties to characterise
quality of LY SO crystals

- light output (LY - LCE )
- rise time ( Trise )

- decay time ( Tdecay )

Timing Resolution

Time resolution [ps]

)
INF

L—/.

Expected evolution vs Lint

120
i Total time resolution S ! T=-30°C
10</Photostatistics:\ N %] ....................................
N~—— DCR noise | 3
- —— Electronics o
80 s O' ....................................
- — Digitization ol
C — Clock S

lJllIllLlIllll:IllJl

0 llLllLJlI

0 500 1000 2000 2500 3000 3500 4000

Integrated Luminosity [fb™]

1500

+ Time resolution between 30 |
| and 60 ps during HL-LHC
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Outlook

CMS upgrade for HL-LHC: new M'TD timing detector
for charged particles

SAPIENZA
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- target: 30-50 ps time resolution, hermetic coverage

* Full CMS physics program would benefit
- mitigate harsh pileup conditions at HL-LHC
- +20-30% effective luminosity

HH — bbyy ( 200 Pileup Distribution )

- TOF particle ID, new searches for long lived g %
particles D o35

e Barrel Timing Layer: LYSO:Ce crystal bars with 8 0'3:_
SiPM readout 025

- well-established technologies thanks to past R&D 02

- quality control on crystals and S1PMs from various “PE
vendors ongoing 0.1F

0.055—

No Timing
Barrel Timing Only

Barrel+Endcap Timing

Increase in HH— bbyy Yield

L Barrel Timing Only : 17%

Barrel+Endcap Timing : 22%

+20%

Higgs boson
T signal

« MTD Technical Design Report will be released in few 05

weeks

Francesco Santanastasio
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 Readout Electronics ASIC:
TOFHIR2

- based on TOFPET?2 board used in
LY SO TOF-PET applications

- fast, adapted for higher rates and
radiation-hard

- leading-edge discriminator + TDC
= time-stamp

- amplitude measurement from QDC
= time-walk correction

 Each board has 6 ASICs
- each ASIC reads 32 SiIPMS

* Testing of final prototypes in
2019-2020

BIL Front-End Electronics

amplitude

)

INFN
C
time-walk
4 <+
1 to Time walk effect:

different time stamps for
different amplitudes

discr.
threshold

>
time

Tsame start time and shape

1: TOFHIR board with 6 ASICs

2 : LYSO array with 16 LYSO bars, bars oriented in ¢
3 : Concentrator card

4 : DCDC converter

5 : CC-to-FE connector

6 : IpGBT

7 : SiPM-to-FE connector

8 : Cooling bar with CO, pipes
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BTL Module:
1x16 crystals
(32 channels)

o = Total ~166k
S crystal bars

s D -

(e

(
I

BTL Read-out Unit:

3x8 modules
(768 channels)

I

'

l

BTL Tray:
6 Read-out units
(4608 channels)

72 trays: 2(z) x 36(o)
332k channels

* To cope with schedule/accessibility/

* 40mm-thin cylinder, integrated in
tracker support tube costs, use sensor technologies well-
- sharing services and schedule with established and experienced by CMS
tracker detector - array of LYSO:Ce crystal bars (57 x 3 x
- : 2.4-3.75 mm") oriented along ¢ direction
- cannot be removed or serviced during 79 &P
entire lifetime of HL-LHC - readout by 2 SiPMs (one per bar side)
- . e -
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