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M. Malberti

Introduction: why do we need precision timing detectors?

Key concepts in timing measurements

Precision timing detectors at the High Luminosity LHC
o Silicon detectors (Low Gain Avalanche Diodes): CMS MTD Endcap Timing Layer, ATLAS HGTD
o Light detectors (LYSO + SiPM): the CMS Barrel Timing Layer

System aspects

Timing applications in future colliders
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Motivations for precision timing
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Why precision timing?

e Traditionally, timing detectors used in HEP to
o trigger events
o  particle identification through time-of-flight
o background suppression (rejection of non-beam events)

e Other well known applications in other fields
o  medical imaging (TOF-PET)

e New precision timing application in HEP
o 4D event reconstruction at colliders (HL-LHC) to reduce
background from concurrent collisions per beam crossing

M. Malberti XXXl Giornate di studio sui rivelatori - 19/06/2024



Time-of-flight for particle identification

e Simple principle

e Measure difference in time of arrival of particles at
two planes t = t1 -t0 — velocity p = L/ct

e Combined with a measurement of its momentum p,
the mass of the particle can be calculated

t0 tl
p=m~ypc '
~ p, L -
v’
_ p _ P c2t?
m = vBc c\/ L2 1
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TOF for PID: the need for good time resolution

e Mass resolution

(222 = (2)+ ()" + (72 4)?

L = distance from the beam axi

p LOL102_ T | a4 a F ‘ T IISI a\n(fe\rolrn Iel lealmla)l(lf

0 B L=370cm 7

o  dp/p and path length uncertainties usually smalll 2 —Ka e Oror =80 ps |
o mass resolution dominated by §t/t I Oy =60 pS |

e Mass separation

2 2
At =g — o =L(\/1+ 5 —4/1+22)

At ~ 2L—pc2 (m% — m%) for relativistic particles p? >> m?2c?

o for a given time resolution the path length needed enu ollly s vu i gy yils s oabion L vy
to separate two particle types increases 0 ! 2 8 4 5 6
quadratically with p p (GeVic)

o mass separation power decreases at high
momentum, for fixed L

Good time resolution is essential
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State-of-the-art TOF at colliders

e ALICE TOF at the Large Hadron Collider (in operation)
o particle identification with Multigap RPCs (140 m? active area) at 3.7 m from the interaction point (IP)
o  provides charged-particle PID in the intermediate momentum range

o  TOF relative to the IP time (event time) defined using high muiltiplicity of tracks: At =t .-t

e Single particle resolution o _~ 60 ps
o 40 ps with a single channel at test beam
o ©~40 ps of system effects from 10° channels
m channel pulse uniformity, cross-calibration, clock distribution, event time
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g- ¥'0) énd To ; ,F\’A':gi “E 0.06/~ LHC Run2 (2015) ALICE Performance e
X 9. AD o | Pb-Pb,\s,, =5.02 TeV Time-Of-Flight detector | o)
10. ZDC ¥o) 2
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http://dx.doi.org/10.1016/j.nima.2004.07.024
https://doi.org/10.22323/1.321.0232

Other time-of-flight applications: TOF-PET

e Positron Emission Tomography (PET) . L S —— High-Z crystal
o N . scintillators with
e Functional imaging that exploits the annihilation of iﬁj\ —~ O ; / . optical readout
; : : ‘ el LU :
B* emitted by a radiotracer with an electron in the * ?{@ N
tissue m—— N

e Theimage is reconstructed from intersection of
lines of responses (LORs), formed by two 511 keV
y-rays detected in coincidence

o  signal: back-to-back y-rays
o  background: fake LORs from scattered y-rays, or

accidental coincidences, reduce the image
quality

©2000 How Stuff Works

e TOF-PET help reduce background restricting the
search region to a few cm of the LOR

e State-of-the-art TOF-PET scanners achieve FWHM Annihilation
coincidence time resolutions of O(100) ps
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The High Luminosity LHC challenge

e High Luminosity LHC phase (2029-2042): Phase I LHC HL-LHC

o S|gn|flgont upgrode of optics and injectors to increase (TeV) 7-13.6
lbeam intensity Epeam
o up to 200 simultaneous interactions per beam crossing (cm2s™) m
pea

e Need new detectors and methods needed to JL (fb™) 300-500
o  keep current performance during the HL-LHC phase Pileup (PU) 40-60

o  cope with increased radiation damage

CMS Experiment at the LHC, CERN CMS Experiment at the LHC, GERN 2/ .
s Data recorded: 2016-Aug-27 23:44:01.739584 GMT R R St Only 1 collision of physics
e Run / Event /L S: 283171/142630805/.254\

e Run/ Event / LS; 279685 / 178456860 / 95 —= N N N\ \ |nterest (hard Scatter) |n > 100/
mteractlons smultaneousiy/
/ recordedre(very 25ns|

e, »/4 /,//:/ =— = =

5 S0 85 © eaelIouDw

Real collision event with 30 reconstructed vertices ~Real collision event from high pileup run-in 2016
from 2016 run Ns =137TeV, PU~130
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The High Luminosity LHC challenge

beam axis

= 2:"'"'""”"..””'””""': . 0_3-_— 7 T T T
' 1.8 —200PU-stat & o E L HL-LHC200PU ]
E N a2 : a 025F ~— HL-LHC 140PU -
= 4 4f—MoPU ] > B $3s LHC ]
2 T f—LlHe 3 B 02F l -
G 12F = T e ;
g ] Oy i - OGLIIEEEE 3 T 0.15F '. 1 LHC -> about 0.3 vertices /mm
o 0.8F - 2 | :
£ o6E o ~ 01F | =
— 0'4; 3 i :. 1 HL-LHC = up to 1.9 vertices /mm
e g 0.05F | £
0.2F = i ! .
obt . feren) 0E S v A U e
-30 20 10 0 10 20 30 0 0.5 1 145 A 2
Vertex position (cm) Line density (mm )

e Current global event reconstruction relies on track-vertex association in space
o  optimal for |dz(track, vertex)| ~1mm

e This association becomes ambiguous when for event densities higher than 1 mm™ (x6 wrt LHC)
o large number of pileup tracks incorrectly assigned to the vertex of interest
o degradation in most event observables: vertex merging, final state kinematics distorted, final state
objects (jets, leptons, photons) identification affected
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Precision timing for pileup mitigation

e Spread of the interactions in time ~180 ps (RMS)
— exploit the time dimension of the beam spot for pileup mitigation

e If the beam-spot is “sliced” in successive O(30) ps time exposures, the effective pileup would be reduced
by a factor 4-5

Simulated Vertices
3D Reconstructed Vertices
—©&—— 4D Reconstruction Vertices

—+— 4D Tracks

t (ns)

|\II|I\|‘III|!|\|

z (cm)

Luminous region
* tRMS ~180 ps
* ZRMS~5cm
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3D vs 4D vertex reconstruction

Example event display with PU = 50 (to ease eye analysis)

? Simulated Vertices
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e 4D vertexreconstruction with track time information at ~30 ps
e Spatially overlapping vertices resolved in the time dimension

o
N
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-0.4 |
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3D vs 4D vertex reconstruction - pileup = 200

CMS Simulation

4D Merged 3D Merged L Ay
. o S— <> i . action Ratio of 3D/4D
8 & Simulated Vertices IJ' Vertex Fraction | Vertex Fractic
ha 0.6 3D Reconstructed Vertices 50 0.5% 3.3% 6.6
—=©&—— 4D Reconstruction Vertices
—+— 4D Tracks 200 1.5% 13.4% 8.9
04—
02— 2
o~ ¢
P
DA g 5 By 84,
-15 10
z (cm)

e 4D vertexreconstruction with track time information at ~30 ps
e Spatially overlapping vertices resolved in the time dimension
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3D vs 4D vertex reconstruction

e Time-aware primary vertex reconstruction
o reduces incorrect association of tracks from nearby pileup interactions by a factor of 2:
o fully offsets the impact of the transition from 140 to 200 PU running
o  brings per-vertex track purity close to typical current LHC running conditions

50 CMS Phase-2 Simulation (14 TeV) CMS Phase-2 Simulation (14 TeV)
> _I I_I LI LI | gy 1T | INR | LI LT | I—
o " it events. (PU)=200. Fast-sim | 0.7fF Pr>0.9 GeV nf<2.7
~ [ p>0.9GeV,Mi<3. : LHC TP 2600 o thing
_\U‘J 40 T 0.6 [ PU 200 0=35 ps
% Coe No MTD HL-Ij.H(; _ [ PU 60 no timing
= - mg gg B: 200 PUIrunming . osh =
Q_ @
3 30U MTD 40 ps {1 5
= T e MTD 35ps . = 041~ -
Q C HL-LHE o @
"‘6 20 ;;C;LA A ;+.Y . © Lt 03k HL-LHC -
= C e S ] with timin
8 I mealr;i:gnsity : ° g . 0.2k g HL-LHC no tlmlng o
g 10_ = L[] e |. ‘ a [ ; ;_ |
= : I ° ® #§ I. - " : 0.1 o

T 4 5 o 0% 7 ]

0 L@ 9 1 {1 L1 | 1 B L1 | L1 L1 11 1 0.0 I l I I | 1
0 2 04 0608 1 12 14 16 1.8 : 0-4 4-8 8-15 15-25 25-50 50+

Line density (mm") Number of pileup tracks per primary vertex
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Physics impact: object reconstruction

e Removal of PU tracks inconsistent with the hard interaction improves the quality of physics objects
reconstruction and selection at the HL-LHC:
o improved b-tagging, lepton isolation, photon identification CMS-TDR-020
o better rejection of fake jets due to pile-up
o improved missing transverse momentum resolution

Fake b-jet Hard-scatter b-jet

Spurious
pile-up jet

Hard-scatter jet 4ot b

o 1.2 R S e e
e i Zyy ] >
F —— no MTD —>UU ] T .
_% 1G-S —— -rel-e#lso-<a0-.-081 % § 9: CMS Phase-2 Simulation ]
% 1 —o— MTD, o, = 40 ps E “-H; ¥ Bt z g ' E tf, PU = 200, jet p,> 30 GeV E
a— C e 54 2 T 24 - : il o B without MTD B
8 f eaeet 23 TEIRIIIENET CMS Phase-2 Simulation {s=14TeV © g5 udsg jet misid. = 0.01 A =
IS L '__._-0"' _.,._vo-"‘ < o Ee) e ® with MTD
c AN o . ® L | = .
nchj 0-9: el ] 6:“ T 4+J+_ T i QD 0.8 =~ .
ot " 5" ] B /S @ = 2 ]
0. B T - -] ) ‘_+ + r — .
E & 8 i s M E g- oo +7 ———— 0‘75: Barrel | < 1.5 -
S R O -~ 4] 3 F —— | : :
r ] o 06— 0.7 i "
C ] o [ g C \.\; - *—— ]
0.6 e % ol 0.65]- . .
0 :l.n!<\15 L II\\‘\\III‘\\I'II\\: E : — No MTD E Endcap1'5<h1|<3'0 E
0 10 20 30 40 50 60 70 ool 2Z—1l,<PU>=200 e Sor g
Muon GeV T Jetp >30GeV Fisws | omas | wioell iomalia
P ) C By =Ml kiops 0 05 1 15 2
T T T T PU density (events / mm)

Increased lepton P
isolation efficiency Reduction of fake jets Improved b-tagging

M. Malberti XXXl Giornate di studio sui rivelatori - 19/06/2024


https://cds.cern.ch/record/2667167?ln=it

Physics impact: HH searches

e HHsearches at the HL-LHC
e Gains on single final-state particles compound in multi-object final states
o 10%-20% gain in s/v/b for many Higgs decay channels
e These improvements w/o MTD would require ~20-30% more luminosity (+2-3 years of data taking)

HH production sensitivity (sigmas) at 3 ab™

HH — bbyy (200 Pileup Distribution )
35 ps BTL, 35 ps ETL o 04
S r No Timin
Channel | No MTD | ETL Only | BTL Only | MTD & a5k Barrel Tinﬂmg -
bbbb 0.88 0.90 0.93 0.95 5 F Barrel+Endcap Timing
CMS projections for HH bbrT 1.30 1.38 1.52 1.60 £ 03[ Increase in Hi-~ bbyy Yield
. . oo . o I- Barrel Timing Only : 17%
signal significance without . bbgv . 1.70 I.Zg 1.8? 1.90 = oAbt
: oA ombine 2.31 2. 2.5 2.66 s 0
and with timing +bbWW, bbZZ 2.75 . +.20 %o .
0.2 signal yield
inal . 50 ps BTL, 50 ps ETL :
55 ps - nominal MTD TDR scenario Channel | No MTD | ETL Only | BTL Only | MTD 015~
egraded petformance due 10 bvb |08~ 0.90 093|095
v dpomage bbrT 1.30 1.36 1.44 1.50 g
bbyy 1.70 1.72 1.78 1.80 0.05
Combined 2.31 2.37 2.47 2.53
CMS-DP-2022-025 +bbWW, bbZZ 2.63 %% = 0 1 2 3

Measurement of the HH production and determination of the Higgs
self-coupling is one of the main goals of the HL-LHC physics program
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Physics impact: adding new capabilities

e Extend the sensitivity to BSM long lived particles beyond typical analysis strategies
e TOF resolution provides particle identification (PID) capabilities

1 gp M Prase2 St utey  CMSPhesezsmuaen  14Tey B e SN 3 AL
= ET T '~ "~ T T T T T T T T 3 F ] F , ) )
g F o e no MTD (300 fb) 3 -g 0.3~ T4t 0>2Z+G, 21T . Simulation 1§ 1°°
= 10°F GMSBy?—>7y+G = no MTD (1000 fb™) S [ M = 1000 GeV, M(x) = 700 GeV, M@) = 1 GeV 16 Hydjet
3} F MTD (1000 o) 3 2 r : E
4l & 0.25(— ] F i <15
107 E E Q r 1 151
oF 1 s ] ] ; ,
10°E; E g o021 . 141 10
E 3 S L o ] »
102? s = - ct=100mm 1 Q‘ 45
£ ] 015 i —ct=30mm ] - -
10 E - ] 120
E = - —ct=10mm i el
i 8 ] 0.1 ] B 10
1 EY 3 B —ct=3mm ] 11
10‘@ ?; 0.05[- . 15
10°2 A N R L i -
200 400 600 800 1000 (9’ T Lo Loy Lo i 0.9 ; 9
A [TeV] 00 500 600 700 800 900 01 000 1100 0 1 2 3 4 5
M(x,) [GeV] p [GeV]
. . . PID of low momentum charged
LLP decaying to delayed photons: Potential for direct measurement had th h TOF 9 ;
i ; . measuremen
— Timing detector essential to of LLP mass by reconstruction of abronsf't ; oug | 4 Beohysi
i i i . . . nefits to Heavy lons and B-physics
determine the primary vertex time the time of displaced vertices — be y phy

— improved sensitivity with At(vtx,y)

ar=L ( - L)
c /Bmeas ﬁhyp
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Timing detectors at the HL-LHC

ATLAS High Granularity Timing Detector CMS MIP Timing Detector
e forwardregion 2.4 < In| < 4.0 e BTL: single layer LYSO+SiPM readout atR = 1.1 m
e 2 double instrumented disks of Low Gain e ETL Two disks of LGADs per end (z=+3m)
Avalanche Diodes (LGADs) at z = + 3.5 m from IP e 0,~30-40ps at start up, BTL degrades to
e o, ~30-50 ps per track 50-60 ps at end of HL-LHC (radiation damage)

Barrel Timing Layer
LYSO + SiPMs n| < 1.5

Endcap Timing Layers (ETL)
LGADs 1.6 <|nfl<3

e Cost-effective coverage of large areas

Mechanics, services and schedule compatible with existing upgrades
Minimal impact on calorimeter and tracker performance
Rate capability and radiation tolerance

Radiation ~10x LHC: 2x10™ (Barrel), up to 2x10'® (CMS endcaps) and 2.5x10' neq/cm2 (ATLAS)

o O O

O

M. Malberti
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https://cds.cern.ch/record/2667167
https://cds.cern.ch/record/2719855

Overview: LGAD arrays for CMS ETL / ATLAS HGTD

16 x 16 (ATLAS 15 x 15) pads of 1.3 x 1.3 mm? pixels

50 um thickness, bump bonded to the readout ASIC

3.5/8. MChannels in ATLAS/CMS

surface 6.4 (ATLAS) /14 (CMS) m?, including multiple layers

Low temperature operation (T = =30 °C) with CO, dual-phase cooling
Power consumption ~5 kW/ m?

An 8-inch prbfotyﬁe wajér
for ATLAS HGTD e

Module PCB

Baseplate

CMS ETL
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Overview: LYSO+SiPMs for the CMS Barrel Timing Layer

Fundamental unit: array of 16 LYSO:Ce bars (~3x3x55 cm®) read out by an array of 16 SiPMs on each side
Thermo-electric coolers (TECs) integrated on the SiPM package

~10000 modules (~165k crystals, 332k channels) arranged in 72 mechanical units (trays)

Total surface ~38 m?, SiPM surface ~ 2 m?

Dedicated readout chip TOFHIR (110 nm technology)

Low temperature operation (T=-45°C) with CO, cooling + additional local cooling from TECs

Power need ~1kW/m?

Detector module
(two arrays s

mini TECs

bar geometry (~3%3x56 cm?) 4 y i ‘ BTL detector
16 bars / LYSO array 7y A "R 72 trays: 2(z) x 36(p)
16 SiPM channels / array S T | R .l 332k channels
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Key concepts in timing measurements
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Time measurements

Analog pulse Logic pulse

Detector ) oy
Time-to-digital converter

(equivalent circuit) VTH_] .
hn ==C, i >—< TDC
Preamp v Time pick-off
- ™ cincuit

e Time measurement
o  the current signal from the sensor is amplified and shaped
o time pick-off: a comparator generates a logic pulse whose leading edge indicates the time of occurrence of
the input analog pulse
o digitization: the time of the logic pulse (relative to a clock) is digitized by a time-to-digital converter (TDC)

e The time resolution depends on:
o pulse properties at the input of the time pick-off device (combination of detector and shaping properties)
o  the time pick-off method
m leading edge discrimination with a threshold comparator most popular in ASICs
o the digitization step (subleading)

e Strong interplay between sensors and electronics
o rule of thumb: the spread on a small time-interval is small, i.e, keep the charge generation localized and
have fast signals (short time collection and fast pulse shaping)

M. Malberti XXXl Giornate di studio sui rivelatori - 19/06/2024



Time resolution terms

e The time resolution of a detector can be expressed as the sum of different contributors which depend on
the detector type and on the electronics

2 2 2 2 2
Oy = intter + Tioniz. + 9TDC + T clock

~—

S

Time jitter: Fluctuations in signal formation Suble_admg t?/rms (with proper design):
inaccuracy due to noise from ionization process and O = ATDC/ 12 o
uniformity of charge collection — minimize TDC bin size
noise N — time walk Octock <1OPS
/ — specification for HL-LHC systems

o, s

threshold

)ij

rise time t

threshold
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Time jitter

e Thejitter term is due to the effect of the noise, N, when the signal is approaching the threshold, with a slope
dv/dt

e Low jitter requires:
o highS/N and shortrise time
o  wide readout bandwidth matched to the signal risetime (BW ~ 1/t )

oy N
=W T T TSN
........ threshold ___ dat L,

rise time tr
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e Signals of different amplitude cross a fixed threshold at
different times

e Shape variations can also cause the signal crossing the
threshold at different times

threshold

t

m discriminator signal for A
l-_] discriminator signal for B
t
Two usual solutions: Time walk effect
1) constant fraction discriminator: the
time is set when a given fraction of the
amplitude is reached
2) correct (offline) using amplitude (S) or
time-over-threshold (ToT) S30% 30% Ve ToT
Lcrp 30% 5] Ly
CMS BTL: time + mTegroTed charge Constant Fraction Discriminator Time-over-Threshold

CMS ETL and ATLAS HGDT: time + ToT
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Timing with Low Gain Avalanche Diodes

LGADs vs traditional Si diodes

Signal formation in Si detectors

Role of the gain and sensor thickness
Time resolution performance
Radiation tolerance

Reference: “An introduction to Ultra-Fast Silicon Detectors”, https://doi.org/10.1201/9781003131946
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https://doi.org/10.1201/9781003131946

Traditional Si diodes vs low gain avalanche diodes

n++ \

Drift area with gain
0.5-2um long

o —

p+ gain layer

Zzoom

p bulk JTE
p++ 7
Efield Traditional Silicon detector  Ultra fast Silicon detector E field th(?rgzl’(‘el":)’l'g{e
High value of the electric field High value of the electric field in a capacitor with high
obtained by qpp|y|ng external localized region thanks to the field
high bias voltage additional p+ layer implanted

near the PN junction Need E > 300 kV/cm

for charge

multiplication
LGADS optimization for precision timing

e thin depletion region (50 um) — uniform and fast signals
e internal gain (10-30) — enhances S/N
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Time resolution terms

2 . 2 2 2 2
O = Ujitter + O Landau + O Distortion T OTpC

\
\ subdominant

Signal shape determined
by Ramo’s theorem

S
=

O, =

“i8g 8 B8 E 8

o3 s 8 2 8 8 5 8 8
T T T T

Bk

—

1= _qad 'Ew

Minimized by using
parallel plate geometry
and operating sensors at

Small noise
— optimize electronics

ooy s 8 2 8 8 E 2 8
FT T T T T

8 3 g B B E B

Large dV/dt | a bias voltage where the
— use sensors with internal gain Amplitude variations drift velocity is saturated
— corrected offline (time walk)
Non-homogeneous energy deposition
— signal shape variations: cannot be

corrected, to be minimized by design
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Signal formation - one e-h pair

How signal is formed?
A charged particle crossing a sensor creates e-h pairs.

The charge carrier's motion induces a variable charge on the read-out electrode.
The signal ends when all the charges are collected.

Consider a simple case: Si diode, no internal gain, one electron-hole pair

g = integral of the induced current f[iel (t)+ih (H]dt=q

For simple parallel plate capacitor geometry
. 1 N Thin detector d %
v = qVdrift g Gl e—_ e annat

Thick detector

(1/d = weighting field for a parallel plate capacitor) D ©©)

-
>

One e/h pair generates higher current k

in thin detectors
(Simplified model for pad detectors)

M. Malberti
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Initial current and thickness

e Thick detectors have a large number of charges: ionization density in Si: N~ 75 e~h/ um

drift velocity v__.~100 pm/ns
Qtot = Nep q d
A
e Each charge contributes to the initial current as d
v
) — ., L A
U = qUdrift g
e Thenitial current for a thick (d) detector is: D
. 1 1
L= Qtot Vdrift @ — (Ne—h q d) Vdrift @ ™~ Ne—h q Vdrift ™~ 1—-2 ,U'A
\Z

The initial current doesn’t depend on the thickness
Thickness affects the total charge and signal duration

(Simplified model for pad detectors)
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Initial current and thickness

Thin detector

Thick detector

e Theinitial current doesn’t depend on the thickness
e Thickness affects the total charge and signal duration

— We need gain to boost the signal!
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Signal formation in sensors with gain

Gain electron:
absorbed immediately
Gain holes:

long drift home

Initial electron, holes

How gain shapes the signal? o UFSD Simulati
mulation
e Primary electrons enter the gain layer and start the 8 Tota\.:ilgnal 50 um thick
avalanche multiplication mechanism, producing 7 MIP Signal
secondary e-h pairs o — Gain=10

gain electrons immediately collected by the cathode
gain holes drift almost the full bulk thickness before being
collected by the anode, generating most of the signal

e signal increases up to the collection of the last primary
electron

e signal decreases to zero in an interval controlled by the
holes drift velocity 1

Gain Holes

Current [uA]

Electrons
Gain Electrons

Holes

I I I | A I I |

0 0.2 04 06 08 1

Time [ns]
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Gain and detector thickness

The current generated by the multiplication mechanism can be estimated from the number of electrons
entering the gain layer in a time interval dt, assuming a drift velocity v,

Number of secondary charges ngm-n = INe—p (’Usat dt) G G = gain
(the rate of production of secondaries is constant)

Current induced from secondary charges (from Ramo’s theorem):
dl gain — 4 dN gain Usat d X = dt
dl gain dV G

pr ~ I X — — thinsensor with gain toincrease the SR

d

Since each primary electron generates G e-h pairs, the maximum current can be written as

Inax = (Ne—h d G) q Usat % x G

M. Malberti
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Gain and detector thickness

A% G
gt X d

140 - Cdet =2 pF From full
- simulation
£ 120 -
E W#Gain=20
;‘ 100 A Gain=15
§ 20 #Gain =10
% *Gain=5
v 60 A ©Gain=1
40 A
20 A @
The rise time depends only on 0 4 t + +
the sensor thickness ~ d 0 100 200 300

Thickness Imicronl

Significant improvements in time resolution require thin
detectors with internal gain
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Time resolution optimization

e 30 ps time resolution can be achieved with LGAD sensors 50 pm thick, gain ~ 20

e Atlower gain, the jitter term dominates

e Atlarge gain, time resolution plateaus at =30 ps due to fluctuations in the ionization process
o Landau fluctuations — the time spread of the primary current (Gioniz) grows with thickness

Ezsnz— Shape Am;?lit_ude
| Hamamatsu, 50-micron thick sensor Jitterat T =20 °C g ! distortion variation
60 Jitterat T=0°C %_200:_ \ — Signals generated
? Jitter at T = - 20 °C 2 wof / oy a MIP crossing o
: 7 = pm thic 3
50 - % ¢ Timeres.atT=20°C . Z \ gain ~ 20
Timeres.atT=0°C F
— L7z
) ® Timeres.atT=-0°C e Z =
& 407 4 _— - o
S 3 o4 [ andau noise: ~ constant with gain | T e "
2 30 .@ﬁ [¢ S s
2 5 "
S 20 0, I Intrinsic time spread WE2 siiat E
Q " = simulation X
o b g 12
10 1 L Jitter term: scales with = g
............ Q gain (dV/dt) g 7
H. Sadrozinski, TREDI 2017 =]
0 T T T T T T T ) o 3
0 10 20 30 40 50 60 70 80
Gain 0
5 6 7
Time [ns]

M. Malberti XXXl Giornate di studio sui rivelatori - 19/06/2024



Irradiation effects in LGADs

e LGADs in CMS/ATLAS need to survive to fluences up to ~1.5-2.5 x 10'® neq/cm2

i i imi -1. - .
300 CMS Slrr:ulatron Pr:ehmmary I4000 fb ,jo:,,e,-ao ml? (14“[ev) i FIuence vs CMS ETL rOIdIUS
£ —— = (5 10 = 30
% - AEY) AaATGURIA] = - = O,
250 FUTVT 1017 8
= S Br -~ CMS FLUKA 3.7.18.0
= \
200 1076 g -'g 30 L A‘“\‘ © 3000 fb-1 with x1.5 safety factor
" % 3 W = 3000 fb-1
107255 < N 44000 fb-1
150 3 g s [ LA S
Q - \
10" g N e
100 > § 10 S\
gt é [
s S| S Yo
™ 102 JRRIY-Eeet R
| | | | 0
0 0 20 40 60 80 100 120 140
0 100 200 300 400 500 600 Radius [cm]
CMS FLUKA Simulation v.6.0.0.2 z [cm]

e Irradiation causes three mains effects on LGADs:
1. decrease of the charge collection efficiency due to trapping
2. variation in the doping concentration (acceptor removal)
3. increase in leakage current (mitigated with cooling at —30°C)
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Radiation effects in LGADs : acceptor removal ———

N, ~ 10¢ Boron/cm?

High E field &
Multiplication region <P
e The radiation deactivates p-doping removing Boron from = P"
the reticle, reducing the signal multiplication power of the Inadiaion . Defects * Boron becomes Infersiicl

LGAD sensors

o addition of Carbon or tuning of the doping profile can
mitigate the effect

o increase bias voltage to maintain gain after irradiation

100 -+ § " B LR
o HPK 50D Gain vs. Bias -20C 08 | -
%  Gain i 1 N
< A c 07 | Less steep curves
o shift A O HPK 50D pre-rad ® - higher radiation resistant 4 Ry
0. 3 8‘ 2 06 ith carb
________ > " A HPK 50D 6e14 2 with carbon
=
> 10 + < ® & OHPK 50D 1e15 g 05 | /
< % & CIHPK 50D 3e15 ?Ss 04 | ® BLD-NoC(Split 4 HPK2) no carbon P
o ® BLD-0.6C (W13 UFSD3.2)
¥ a * + HPK 50D 6e15 & o3 |
E HPK 50D 1e15 -30C © BHD-0.6C (W19 UFSD3.2)
s (6] g a + HPK 50D 6e15 -30C 02 - 4 BLD-1C (W12 UFSD3.2)
X HPK 50C 6014 0.1 + A BHD-1C (W18 UFSD3.2)
1 t f f t f t t | ° . . ,
0 100 200 300 400 500 600 700 800 LE+13 LE+14 LE+15 LE+16
Bias Voltage (V) Fluence [n,,/cm?]
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LGADs radiation tolerance

e Radiation tolerance tested in latest prototypes:
o collected charge (>8 fC) and time resolution of the bare sensors is within requirements
o 40 ps resolution achieved for end of (CMS) operation

e Test beam studies show sparking damage to sensors above 600 V (120 kV/cm)
o  LGADs compatible with safe operation at HV < 600 V up to full fluence

CMS Preliminary Phase-2 8OCMS Preliminary Phase-2
\ v H . i j T T i ! ! ]-' FBK W7 plerr'ad ‘ L T=_og0 [ FBKW pre 1ad
T=-25°C —A- FBKW17 pre-rad 751 T=-25°C 2 —A- FBK W17 pre-rad
a1 W FBKW7 1615 ngem? | 70r 1°5e15 neq/cm B FBKW7 1e15 nogem?
— 40F —A- FBKW17 1e15 nofcm? | —_ 65r —A- FBKW17 1e15 ngfem?
L.L:‘ pre-rad - FBKW7 15e15 nagfcm? 3 60 - FBKW7 1515 ngfcm?
— 35r —k- FBKW17 1.5e15 ngfcm? 7 — 55F —& FBKW17 1.5e15 nagfcm? -
v S sof ]
2 30 .9
© 451 45r -
H oy
O 25t - o 4or \
ke] 2 0 35f
(]
2 2 1.5e15 neg/cm* ¢ 2| pre—radx‘\ Al i
o Y a5t |
= 15 1 e
o |: 20 -
O 10+ s 15+ §
5f ] 101 _
. . =" prerad IR 00
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800
Bias Voltage [V] Bias Voltage [V]

SEB - Single Event Burn out from rare, highly ioninzing events

e Anincoming particle releases a lot of energy over a small volume, 5-10 ym.
e Thelocal electric field is high enough to create a conductive channel

e The energy stored in the sensor capacitance discharges burning the sensor
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Performance validation

e Readout chip: ETROC (CMS), ALTIROC (ATLAS)
bump-bonded to LGAD, with 1.3 mm x 1.3 mm pads
requirement: ASIC contribution to time resolution < 40ps
deal with small signal size (~6fC, at end of operation)
low power consumption

O O O O

e Test results with readout chip prototypes demonstrate the expected performance:
o  ~45 ps per hit, matching specifications <50 ps/hit and 30 ps/track with 2 hits/track

120 GeVproton Beam
P , S - Beamspot image from
: S ST 16x16 LGAD testing

Number of events

tit, (ns) . . trt, (ns) - t,t, (ns)

Preliminary test beam results with LGAD + ETROCI (4x4)

prototype: o, = 42-46 ps per hit Ongoing tests with full size (16x16) chip
. t
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Timing with light detectors

CMS barrel timing layer: principle of operation
Time resolution drivers

Solutions to deal with the SiPM dark noise
Timing performance
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Principle of detection

e Particles traversing the crystal produce optical photons that are then detected by the SiPM

e Signal discriminated by the ASIC to obtain the time at which the particle crossed the crystal

\ T~ S~
L —
partlde LYSO:Ce 3x3x50 mm® - HPK 3x3 mm? (15 um)
] ] <Egp> ~ 4 MeV N A AR AR AR AR AR AN
e High aspect-ratio geometry = 3.2 oo et ]
o  exploit total internal reflection to enhance light collection g .t .:Ei::“’ ]
o minimize SiPM area / crystal area =k 1
m  smaller power consumption S spl. e, seests ]
m  better timing performance (higher S/N after irradiation) i .....:::::u-i::::---.
e Double-end readout: 2'6; .
o improve resolution by +/2 over single-end sk, T .
o  provides uniform response along the bar ? ]
by = LR 22 | { [ ‘ R
mip 2 A I T T

il R PO )
-10 0 10 20 30 40
Hodoscope X [mm]
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LYSO:Ce crystals as scintillator

e Well established technology (PET)

e Fast scintillation kinetics: T,0~100 ps, rdewy~40 ns

e Dense (> 71g/cm?3), high Light Yield: 40000 y/MeV — large signals
e Radiation hardness proven up to 50 kGy and 3 x 10'* 1 MeV neq/cm2

LYSO:Ce bar (50 mm length)

—_
o
o

X E
c 90—
Ke) E
g 70
% £
' —~ 60—
/ = F
50—
/ o=
30— e
c —— before irradiation
v - . . ar
20— R e after irradiation
10
Eo v oon o bl yov v L vwa vy
900 300 500 600 700 800

Wavelength [nm]
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Silicon photomultipliers (SiPM) as photo-detectors

SiPM principle of operation

unench Vout
Al electrode N
‘*\ - Al electrode Q, =2Q
7 L
Rq
- wow
24y ¢ P TR S S
300p I \ /p-Si substrate] ‘
substrate
i Si0,+Si;N,
-epi layer
B-ep ¥ ) i Vblas> VBD
n*/p junctions (ENIT-2011 CFRNI

e ASiPMis an array of small cells (SPADS)
connected in parallel on a commmon substrate
and operated in Geiger mode, each with its
own quenching resistor

e Each element is independent and gives the
same signal when fired by a photon

e The output signal is the sum of the signals
produced by the individual cells

SiPMs as photodetectors for CMS BTL
e compact, insensitive to magnetic field
e fast (single photon response time spread 100 ps)
— crucial for timing
e high (20-50%) Photon Detection Efficiency at
LYSO emission peak

- Front side

array of 16 SiPMs for the CMS BTL

Major challenge: SiPM Dark Count Rate (DCR)
increasing up to O(10) GHz after 3000 fb!
(2E14 neq/cmz) due to radiation damage
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Contributions to the time resolution

CMS Phase-2 Preliminary

— 120
hot ele DCR digi clock 8 | Twpe2 - ]
Ot :[af ® o Do, Boy T oy 2 100} 25um Sl
R ~noise
% 0r —stochastic
S o |
. L. hot s F 1
e photo-statistics: O'f ~ L e | ]
o S & |
. . O noi O noi 20 - ' , ]
e electronics noise: O'Ifle — — ; ]
dv/dt galzn.Npe 0 ARSI  SN A r
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= 120 25um — roise ]
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crvstals . SiPMs ep: energy deposited by the MIP 40l : ]
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Solutions to deal with the SiPM dark noise

Radiation induced DCR noise is the dominant term

contributing to the time resolution of irradiated SiPMs. Per SiPM DCR after irradiation
~ o0 T
N [ 3
L : —¥—2x10"1 MeV n/em?;
Solutions adopted to deal with DCR: G, s50f T=-35°C —e—1x 10" 1 MeV n,/om? ]
i 13 2 ]
e Smart thermal management: % a0l 110" 1MoV By jem-;
SiPM operation at cold temperature and annealing ) ; 3
at high temperature i
30 | "
e Decrease of the SiPM operating voltage along i
detector lifetime 20 [ i
e Dedicated DCR noise filtering in the ASIC .

e Optimization of the sensors: SiPM cell size and
LYSO thickness

ol : 1|||1
0O 05 1 15 2 25 3 35 4 45
Vov [V
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DCR: effect of temperature and annealing

DCR and SiPM operating temperature DCR and SiPM annealing
SiPM dark current reduced by factor ~2 Radiation-induced defects in silicon anneal with a
for AT=-10°C temperature dependent behavior [M.Moll]
Operating temperature is a powerful Fool to a = current-related damage constant
reduce DCR and power consumption Al =ad Vd, &= fluence

V= depletion volume

SiPM array irradiated to 2e14 neg/cm?

— 2.2r
E g l1hour  1day 1 month I year
f— 2—— == TmEﬁS =-35°C h 10 = T f T T I T f T I T
-— C — _40° : F \_D 4
qc) 1'8:_ — Imeas : _:gog . r \?S%Q%/Wunstorf 92) w,=29x10"A/em  BTL data ]
5 16F mess . E 4/ - 8t . < i
3 1°F : E o, on M.Moll
X 14f : /... ]
8 12 E S 6 217, ]
. 15 Annealing history: i // 2 I ]
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0.8} b S ]
E y by, 1 (0o)
0.6_ ¥ e F ® e 4
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. ,// 106°C NN Y 80°C |
' Ll
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O 7T
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https://inspirehep.net/literature/513308

Smart thermal management

2023 JINST 18 P08020

e CO,coolingatT=-35°C + additional cooling (— T =-45°C) using mini
Thermo electric Coolers (TECs) integrated in the SiPM package

e in-situ annealing cycles (T=+60°C) during technical stops/machine
shutdown (reverse TEC bias)

e x10 DCR reduction (wrt to the case of no TECs)

Total power consumption for full array integrated Iuminosity [fb
0 500 1000 1500 2000 2500
Irradiated to 2E14 (annealed 80 min 60C) i~ i L B I T T T T T T
1800 : T 100 - : i :
TEC power ® SiPM power (V-VB=1.0V) O [ T=-35°C always
W 500 mW for AT=-10 °C ® TEC power ) = [ WO TECs (T =-35°T =10°C)
iy o Tl > L T
00 - Tref corrected : [ W TECs(T =-45°, T 60°C)
T oo [ N = | fj S x10 DCR
g Nominal (@) L r tion
§ ' power O 407 /\/\/ //\//ﬁ‘ A eductio
[ O_AMF”\M
e % = 5 P o = = g 0 2 4 6 8 10 12 14
SiPM package Temperature (°C) year (from the start of HL-LHC)
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https://iopscience.iop.org/article/10.1088/1748-0221/18/08/P08020

DCR noise filtering in the ASIC

DLED signal processing

e Differential leading-edge discrimination (DLED) in the TOFHIR2 ASIC hIf(H)] = f(t) - f(t-5)
o Inverted and delayed pulse added to the original pulse
o  Delay line approximated by a programmable RC network in the ASIC = (200600 ps
m the DCR noise is reduced s
(auto-correlated noise on the time scale of the single p.e. pulse) Pre- | _ N "
m fastrising edge of the signal (“early photoelectrons”) preserved e T >
Programmable
delay
| 7 Direct path ‘
pulse N _
= - typical LYSO
e Delayed 1
g “l pathpulse | p“|se +DCR
ik S S ‘ \
\ jj‘;%g | DLED output Delay of - I‘\
Width 300ns g ol Y | ; 600ps - K
o = |, 2] \[¢— Width 30ns 1%
Pl V s A AAAANAAY M«W%Wﬂ

2024 JINST 19 P05048
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https://iopscience.iop.org/article/10.1088/1748-0221/19/05/P05048

SiPM cell-size optimization

e SiPM with larger cell size have larger PDE (thanks to the higher fill factor and better cell depletion at low
OV) and higher gain
o  —large signals!

2.5E406 : 0.7
' 0.6
2.0E+06 i
i 0.5
1.5E+06 i £ o4
e | e
O 1.0E+06 s % 0.3
{ (a]
: & 0.2
5.0E+05 ;
! 0.1
0.0E+00 | 5
0 1 2 3 4 5 6
V-VB [V] 0 1 2 3 4 5
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SiPM cell-size optimization

e SiPM with larger cell size have larger PDE (thanks to the higher fill factor and better cell depletion at
low OV) and higher gain
o  —large signals!

e Choice of the optimal SiPM micro-cell size is a trade-off between PDE/gain and DCR/power dissipation
o  DCR (as PDE) increases with the SiPM effective active area

CMS MTD Test beam

— 50 — 60 e —
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g wof — i msamen | 20um O, s0f T=35C 25um 7
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® o0l tom | e 20020 - m 2.0 s o0 30¢ ]
(2} 20 J0um « R, = 200 kQ - SR = 10.2 JA/as (+9%) I
3 e J0um = R, * 300 kQ - SR = 9.7 A/ns (+4V) i
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10_ —l'\.-\"oﬂm-ll",’wll(‘ol' :
N 10 | ]
0 S ——— [ 2x10" 1 MeV n,/cm® ]
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LYSO thickness optimization MIP track

T1 (3.75 mm) T2 (3.75 mm) T3 (2.40 mm)
e Thicker crystals — Iarg.er energy deposit by the MIP oo CMS PrasezPreimnay
— larger Npe (Npe o< thickness) 2 ool o Type1-25um |
o beneficial to all three terms of the time resolution 5 ~Type 3-25um
S 80fF ¢ ]
e But also larger DCR and power consumption because 2 ol o e |
the SiPM active area is increased to match the crystal 2

end face for optimal light collection = 4o ]

20F . .

e DCR term (dominant after irradiation) scales e
~/DCR/Npe ~1//thickness 0 05 1 15 2 25 3 35 4

VOV [V]

CMS Phase-2 Preliminary

o T

2.'100_ ——Type 1-25um 1

5 i —e— Type 3-25um ]

Thicker crystals remain beneficial 2 8of P

oot ) also for after irradiation despite S ool | - ]

o ~ [0} [ ‘\.\ ]

t /N, the larger DCR E wof Yu—— ]

0.6l6 — O noise ~ O noise
t dv/dt gain-Npe Confirmed with test beam data 205 ]
0 | —l —l

0 20 40 60 80 100 120
SiPM static power [mW]
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BTL performance

e The performance of BTL module prototypes with both non-irradiated SiPM and irradiated to the total
radiation level expected at end of operation was validated through beam and laboratory

medasurements
e Achieved 25 um SiPMs + thick LYSO
o 30 ps for HL-LHC beginning of operation identified as the optimall
o ~60ps for HL-LHC end of operation configuration for BTL
CMS Phase-2 Preliminary CMS Phase-2 Preliminary CMS Phase-2 Preliminary
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System aspects

e Clock distribution
e Channel cross-calibration
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System aspects: clock distribution

2 2 2 2 2
0y = intter + O ioniz. + 0T1pC + O clock

e Clock distribution should provide a stable clock with less
than 15 ps RMS jitter

40.08 MHz
‘ N g | 7om £\ Front-end retrieves clock

ol o & T |8 MMcflber ‘~~ h f h I k

arla = Sy < : pnhase and fans out the cloc

R P & ) >10° channel

a v_oy to cnannels
ATCA crate ATCA crate ~ B l‘*\ 2 ,,)’ > Display Trigger Measure Math Analyze Utiities Demos Help
(&
Poles AR Backend Frontend ( % ,2

N—/

e The precision clock is synchronized to the LHC bunch
frequency (40MHz) and is received by the subsystem and
transmitted to the detector via high-speed data links.

191474506 ns
401354 ps
1%

Clock test with full chain: RMS jitter ~ 4 ps
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System aspects: cross calibration

Time alignment Cross calibration precision
e Different clock paths (fiber/cable lengths) across e Beam spot spread 200 ps
the systems generates relative time offsets e Uncertainty on the mean: 200 ps [ VN

e Time offsets can be calibrated by aligning the
measurements of the time of arrival of track from

m [T ey
the collision vertex % 80EY
F N
reliminary Simulation _E i \
2 CMS protmnay simagton g25: ¢
AB00 . g
™ nl<0.65 ] 20
;40007 —— 0.65<l<1.13 | g L \
(o) = — 1.13<ini<1.48 | c r N
;23500: — 2 15F X “
000} = © . ]
upot I " <10 ps with 1000 tracks
2500 = = Ol g
E 8 C \'\ ]
2000} = -
15001 o L
1000}~ - = Lol
g 102 10° 10*
500 # of tracks per channel
%75 0 05 1 15 2

Track time at vertex (ns) 1000 tracks can be collected in ~20 s per

channel — possibility of frequent granular

propagation independent of pseudorapidity
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Schedule
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LHC schedule

we are here

LHC HL-LHC

|
S LS2 13.6 TeV | [ s3 13.6 - 14 TeV

energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation o
7 TeV 8 TeV_ Lutton collimators interaction ) I inner triplet . H: :th(.:
R2E project regnons Civil Eng. P1-P5 pilot beam | radiation limit installiation
| A
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2022 2023 2024 2025 2026 2027 mml“""
1 5 to 7.5 x nominal Lumi
ATLAS - CMS I
experiment upgrade phase 1 | ATLAS - CMS
beam pipes : 2 z HL upgrade
nominal Lumi ix’m’w ALICE - LHCb ) 2 x nominal Lumi

upgrade

75% nominal Lumi
luminosity JEODTE{

e CMSBTL to be installed at the beginning of LHC long shutdown (LS3), before the CMS tracker
— starting assembly in summer 2024!
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Where we are?

——

|
| COMING SOON
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M. Malberti

Extra: timing in the CMS upgraded calorimeters

Precision timing also in the CMS calorimeters!

e CMSECALBarrel
o PbWO, + APDs
o upgrade of the electronics
o o,~30psforshowersE>50GeV

e CMS High Granularity Calorimeter (HGCal)
o  Silicon sensors + absorbers (Pb, Cuw, Cu)
o ©0,<30psforclustersE>5GeV

VBF nggs event PU 200

Timing from MTD + calorimeters — towards a time-aware global event description

10
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Applications of precision timing in future detectors

e Use cases: 4D tracking/vertex timing, TOF measurements for PID, calorimetry
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4D tracking/vertex timing

M. Malberti

LHCb detector upgrade Il after LS4 LHC (~2035)
[LHCB-TDR-023]

(@]

o

plan upgrade of the Vertex Locator

timing at 50 ps/hit allows recovering primary
vertex finding efficiency

explored different technologies, 3D Si sensors as
baseline

ATLAS also investigating physics impact of 4D
tracking in the central part beyond LHC Run4
[ATL-PHYS-PUB-2023-023]

Future hadron colliders (FCC-hh)

O
@)

Unprecedented O(1000) pileup conditions
Clear case for the use of 4D technology in
tracking layers
Associate hits consistent in time
m  Need 5-10ps resolution per track
m Dedicated R&D required to archive a
radiation hardness for an intensity 30
times larger than HL-LHC
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https://cds.cern.ch/record/2776420/files/LHCB-TDR-023.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-023/

TOF measurements for PID

" e/m separation up to = 500 MeV/c

. . ALICE S ayout e = 7 :1 + /K separation up to = 2 GeV/c
e Heavyions physics - Yo ' T+ K/pseparation up to= 4 GeV/c .
per T “ |+ separation power « L/aror, — o10r= 20 ps f5
ALICE 3 upgrade after LS4 LHC: —— 7 '
o  TOF system with 20 ps resolution for PID of B s NN N\ e /S S e

intermediate momentum particles

_—y RICH

o different Si-based technologies under vy { . [ l FH =——mw=—] l ‘ Bes som
=t = | SEEEE— e s=m==2 S————mc
investigation (LGADs, CMOS, SiPMs) L On detector PID at the HL-LHe.
n detector a e nl-
LHCP 2024

e Hadron identification for flavour physics at
future colliders e+e-
o  PID largely relies on dE/dx and Cherenkov
o A TOF detector with O(100) ps resolution at 2 m
(outer tracker radius) could cover the T1-K
“cross-over” region at ~1 GeV, where dE/dx is
blind
o  Moreover, with TOF
m redundant /K separation up to ~5 GeV
m vertex timing (o [V/N

Particle Separation (dE/dx vs dN/dx)

[
o
)

IDEA Drift chamber

# of sigma

Vtx~GTOF trocks)

O B N W M U OO N 00 ©
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0.1 \\-1/ 16 1cl)o
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https://indico.cern.ch/event/1253590/contributions/5843743/attachments/2871402/5027204/bb3b59cd-663d-4589-8380-e77ea05323a6.pdf
https://indico.cern.ch/event/1253590/contributions/5843743/attachments/2871402/5027204/bb3b59cd-663d-4589-8380-e77ea05323a6.pdf

Timing in calorimetry

Timing of neutral particles Adding timing information in hadron shower
e example: HL-LHC with 30 ps resolution for reconstruction (timing within the shower)
photons e can improve resolution and linearity

LLP searches with neutrals: sensitivity at short
ct limited by timing resolution, with dominant
contributions from:

. .. < 10H . ) " .
o beam spot size w/o vertex timing o 10: Esurh 30GéV ]
o  shower time resolution w/ vertex timing T —_— S F SNENE | 511 . . ]
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A[TeVv] N. Akchurin et al, Calor2022
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https://indico.cern.ch/event/847884/contributions/4833231/attachments/2447381/4193759/CaloR_TTU_2022.pdf

Precision timing is expected to assume a pivotal role in HL-LHC, offering a solution to mitigate the
expected high levels of pileup and enabling new physics opportunities

Unprecedented challenges posed by the harsh radiation environment of the HL-LHC require smart
solutions, extensive R&D and prototyping

Different sensor technologies adopted to meet the design target:
o silicon based sensors (LGADs) for the CMS ETL and ATLAS HGDT
o light detectors (LYSO+SiPM readout) for the CMS BTL

The development and construction of MIP timing detectors at the LHC represent a pioneering effort
towards usage of precision timing future collider-based particle physics experiments

M. Malberti
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