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Hadron Colliders

Tool of choice at the “energy frontler .
particle physics. g
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HL-LHC & Phase 2

e HL-LHC is the high luminosity extension of the current LHC program.
— Start data taking in ~2028, lasting about 10 years. .
— Main feature in increase in the luminosity by up to factor 10, from around 103 to 103° ;

— Pile up : 160 — 200 simultaneous proton collisions every 25 ns = o2 ‘:\*f

e Detector upgrade program for HL-LHC :
— Enable HL-LHC physics goals
— Increase granularity, data thrgug put, radiation hardness

—\\E’nprbve efficiency,of data exploitation with mgdern technology
- "
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« 15m/50nstall,23m /77 ns long

o Calorimeters will have precision timing

 Dedicated MIP timing detector

o Trigger will have (some) precision timing information

Trigger / HLT / DAQ

New Endcap
Calorimeters

/I Barrel Calorimeters

d 1 New Zero Degree

CMS Detector & Phase 2 upgrades @PT

Calorimeter

New Tracker | —

New MIP Timing Detector
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U Mitig:

Improved

New physics reach o-qnstruction
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PU mitigation with timing ~ GPT

At high PU, density of tracks in space increases wrong assignment of low-pT tracks
to vertices.

Time tagging tracks, enable 4D reconstruction of vertices.

Assign tracks and physics objects to their proper vertices, enhancing reconstruction.
Utilizing timing from MTD, not yet from calorimeters.

Not yet utilizing advanced reconstruction techniques.

g Simulated Vertices HH production sensitivity (sigmas) at 3
- 30 Reconstructed Vertices <0.> <G>
99 ——&-—— 4D Reconstruction Vertices 1Channe| No MTD 35 t 70t
—+— 4D Tracks ps ps
04f— bbbb 0.89 0.95 0.93
B bbtt 1.3 1.58 1.44
L bbyy 1.7 1.85 1.81
il bbww 0.53 0.579 0.53(%)
- J C W g bbzz 0.38 0.423 0.38(%)
02— * hﬁ e § R Combined 2.4 2.71 2.57
04— shis Luminosity gain - +26% +14%

"
=k
w

z (cm)
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Improved Reconstruction CPT

 Improved particle ID, extending usable range to higher pT compared to Tracker.
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Impact on HI physics CPT

 Physics application of PID in Heavy lon physics : Measurement of v2.
« Extended acceptance from MTD

:HL 128 032301 CMS Phase-2 Simulation Preliminary Pbe 7nb” (5.5TeV)
T N S L SACLE EEEANCE RN N D R W e -
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- MTD will allow to derive the v2 of charm baryons and to measure precisely the Ng-scaling

of vz in the charm quark sector: 3
Vo(Ac) = E v,(D0)?
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Long Lived Particles CPT

u pt e.g. mt — p=vy (cTo ~ 7.8m)
« Long lived particles (LLPs) are an area of + small coupling |
intense activity on searches at LHC. Tt 1_ 1Vl lg_ﬁ(m mg)]’
) _ w t  256am, | Mj m 4
« Long live times can be due to : mr:“;)ressed
d Vi heavy mediator ' spectra
p b
@ q}h», ’:‘;"“4 b T o=
e b 1/F
M -
p c<B G
) (Gravitino)
Feeble coupling to Scale suppression Phase space
SM (Higgs portal to (Gauge mediated SUSY) suppression (SUSY)

hidden sectors)

CMS L1 TDR (2020)
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Fast Timing Fundamentals CPT

AU,

n

samples

vise

For good time resolution, need:

1. fastrise time (t,,,.) = primary signal rise time (scintillation : LYSO ~30 ps,
Silicon sensors ~1ns)

2. low Signal-to-Noise (DU/U) = primary signal amplitude : LYSO 30k

photons/MeV (1.07 MeV/mm MIP) , Si sensors ~30k e/h pairs in 300 u for a
MIP

3. more time samples (Ngympjes)

4. signal integrity matching timing needs (pulse shapes, linearity, etc.)

11.05.2022 Adi Bornheim - Precision Timing Detectors at Hadron Colliders 10
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= Photo sensors :

- PMT : ~nsrise time, very good S/N
- SiIPM/APD : Rapid technology evolution
- MCP-PMT : Fast pulses

— Cherenkov light

— Streak camera: sub ps
— Pump-probe technology : fs

=  Semi-conductor sensors :

— Silicon : Very common in HEP
— CdTe : Large primary signal

= Gas based sensors :

— Micromegas : Micro fabrication

= Advanced sensors :

— TIPSY, Quantum Dots,

— But: HEP detectors are complex systems,

more than just sensors.

11.05.2022
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Precision timing with scintillators &P T

= Scintillators have several features ideal for timing : Uniform, large raw signal yield,

fast, very radiation

hard.

= Effect of the scintillation photon arrival at the photo detector we refer to as Optical
Transit Time Spread.

XNNNSNANAA—

{

Time evolution of a sho\

ver from

||||||||

100 GeV y

0.0
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in CMS ECAL PbWO crystal (25 cm long).
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o(t,-t,) [ns]

Large PbWO crystal calorimeter.

Results from pp collision data at LHC :

107

Electron showers from Z—ee decay At;qf :

ps, single channel : ~190 ps

W/o path length correction : ~380 ps

Constant term of resolution : ~20 ps in test
beam, ~70 ps in situ (same clock).

~270

Timing Performance of CMS ECAL CPT
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very promising performance.
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CMS ECAL Phase 2 Timing CPT

Phase 2 upgrade of ECAL will feature precision timing readout :
— 30 ps time resolution for high energy clusters.
 Information available at L1 trigger.
 Achieve by replacing front end electronics, dedicated ASIC.
— Upgrade of electronics was necessary to cope with trigger rates.
 Improved pulse shape allows better suppression of intrinsic noise of photo detector.

Equivalent energy at HL-LHC start (GeV)

’-;\0025 T T T ' T T T T " T T T I T T T I T T T T I — 50 50 - - 100 . 150
e [ : 2@ Fl' " "« Singlechannel, 160 Méx

W | *  ECAL 3x3 matrix 1 8 sk ngle channe 3
Thls —NgSac 1 § ,f — N ;
5 E e : 2 “E :! 10.7 + 0.4 E
B = i (@] C = =0.4ns -
0.015}- bk anc, IR SN K. 3 C=200+07ps -
L S=(2.9 +£0.6)<10 1 ; [ 3
: 01: =(3.7 + 0.4)10° ] e 3 E
i . i - 25F =
0.005- e JE
- . 15F 3
- ECAL Test Beam 2018 i - ECAL Test Beam 2018 .
kit bt i | PO T T T T TN N N A N A e i ' | 1 L N | 1 L | L | 1 1 »

0 50 100 150 200 250 10 500 1000 1500
E (GeV) Normalized amplitude (A/c,,)
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HGCAL Timing CPT

e CMS endcap replacement - HGCAL will feature precision timing capabilities.
e HGCAL : High Granularity Calorimeter — Silicon/Scintillator “pixels”
e Cell size 0.5/1.0 cm, >6m channels, 640 m? (Si); 240k channels, 350 m? (Scint)

250 GeVic et fort< 0.2 ns 250 GeVfc e* fort < 0.6 ns 250 GeV/c et fort< 1.2 ns
s 5 s
< 5 < 15 < LS
= = g = 2 0?
8 Tt Tl ener
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ETE

23 B 23 1

; E-H AL Timing development of an electromagnetic
Yty shower in HGCAL prototype
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The CMS Barrel Timing Layer

BTL: LYSO bars + SiPM readout:
« TK :CH interface: |n| < 1.45
* |nner 18 (40 mm thick)

. LCPg
Surfac
* Fluence at4 ab

BTL technology choice — SiPM/LYSO :

I

= Timing performance <20 ps with MIPs in LYSO/SiPM demonstrated.

= Radiation hardness established at the required level.
= Extensive experience with SiPM in CMS & LYSO in HEP & PET
= Cost effective mass market components

11.05.2022 Adi Bornheim - Precision Timing Detectors at Hadron Colliders
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Design constraints CPT

= Time resolution 30-40 ps at the start of HL-LHC, <60 ps up to 3000 fb,
= Requires additional measures to maintain EOL performance.

Radiation levels for BTL after 3000 fb-! :
= Fluence 1.65- 1.9 x 10" n,,/cm?, Dose : 18-32 kGy

Maintenance free operation inside the tracker cold volume.
= Requirement to run SiPMs below -30 C to limit dark count rate (DCR).

Cover ~38 m? of area at the outer circumference of the CMS tracker.
Schedule constraints of HL-LHC :

s [, 131876y T
Diodes C
7 TeV 8 TeV Ezu;;izg?ﬁ:%?:,:" %E;?,};%ijlon ;:::::”:’?:5 JFMS«?JZA_\Z; I Zez’%b frnftz?lzicu i Z?JZSSN I a20”2ﬁﬁ ND[JF 2?2: i 20”251 T HG Z?er?su
ATLAS - CMS 4
experiment upgrade phase 1 ATLAS - CMS
- HL upgrade
nami ™ X Nl al Lumi ALICE - LHCb 2 | Lum:
upgrade
W 3000 fb'
350 b | Pt 4000 i
Begin of HL-
. TDR Installation of BTL
TP subitted We are here . . LHC data
approved finished .
taking
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MTD Barrel Sensor @PT

= Maximize slew rate to optimize performance. s st i, e i i B
® 50 mkm| . o * "
. . nZSmkmj[ . .'. LA e
» LYSO crystals as scintillator - el 011 N AL S
= Excellent radiation tolerance - TG NN P
u Bl’lght (40k ph/MeV) E 10 = : ‘.'.--:'.: 2::2“2:32?;
= Fast rise time O(100ps), decay time ~40 ns % s current
o 7 .
= Silicon Photomultipliers as photo-sensors 1 (Yu. Musienko, A, Heering, NDIP-2011, Lyon, France]
1E+10 1E+11 1E+12 1E+

= Compact, insensitive to magnetic fields, fast
= For un-irradiated SiPMs, smaller pixels lower DCR. _ 4
= For irradiated SiPMs, testing larger pixels. 0R950|Ut|0n <60 ps @ 3 ab

12

Neutron flux [n/cm?]

= H|gh dynamIC I’aﬂge, I‘ad t0|el’ant g L Total time resolution I T =-30°C
= Photo Detection efficiency : 20-40% S 100 Photostatistics i
= - —— DCR noise '
8 ~ ——— Electronics |
0 80 .
© ~ —— Digitization !
= High aspect ratio geometry : E —— Clock I

= Enhance light collection efficiency (~5 %)
= Minimize SiPM area / Crystal area

» Reduce power consumption

= Better timing performance

Ll 1 Ll 1 L - | Ll 1 | Ll 11 l Ll 1 { Ll 1 1 J T
0{] 500 1000 1500 2000 2500 3000 3500 4000
Integrated Luminosity [fb'1]
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Sensor geometry choice @PT

= Scintillation light measured with a pair of Silicon Photomultipliers (SiPMs), one at
each end of the crystal bar

— Minimize impact point position dependency

— Minimization of active area and power budget

— Maximization of resolution (v2 improvement)

— Determination of track position with O(mm) resolution

charged particle
BTL module :

: scintillation light
= 16 LYSO bars, read out by 32 SiPMs, .........___,_______,_______-____.___‘_:_:.\:__________.__._:_:_:_::::_... VS0 b |I
= Size 51 x 57 mm, thickness 2.4, 3.0,3.75mm = M —m—m———

SiPM1 SiPM2
vertex
LYSO:Ce 3x3x50 mm’ - HPK 3x3 mm® (15 um) 90 LYSO:|Ce 3x3x‘50 mms‘ - HPK :|3x3 mmT (15 unll)

w : LN L L I L L L L L L L L |7 'a‘ :' UL TT o LR T T T TT T T |:

E 3.2~ NINOthr =100 mV o t(left) % 80 £ NINOthr =100 mV o t(Left)
% V(bias) =72 V = t(Right) 1 g é V(bias) =72 V * t(Right) é

é 3; et(Ave) | —g 70; * t(Ave)
= L . 12 E E
= fo _ g o :
= 280 ..‘o. Y LA ° = 50:_ & =
[ Ce, o®® = E ) e R ) ]
....l....O:!..!:....‘.I... E 40:_ * I:!"‘ﬁ‘!tt '@‘..‘ +". =
26 oot T . F :%1 LS DS L AT L

o*" . C N - N I
[ ...' I-.. i 30E +‘1."0v ‘-."TT-QT' ]
240 ] 20~ =
2ol N 103* f
. T I BT EPUPENS TR IR N 0:| T N R R U RN N
-10 0 10 20 30 40 -10 0 10 20 30 40

Hodoscope X [mm] Hodoscope X [mm]
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ToNHTE

Further Design Improvements &P T

= Two handles to mitigate impact of SiPMs dark count rate (DCR) due to large radiation
budgets :

= Reduce temperature
= Annealing of SIPMs
= Added Thermoelectric Coolers (TEC) coupled to SiPMs :
= Reduce operational temperature from -35 °C (CO,) to -45 °C (CO2 + TEC).
= Allow annealing in situ during detector maintenance at +40 °C

TEC: Bi,Te, — 3x4 mm2x 0.9 mm |

Conoucsors O : 'a‘ | LT AL ST AEHN (I U 5 (LT T T W ETE.N O O NSNS N VO LN P T L T L [ _]

] cmse A = [ —— Post-TDR w/o TECs {T =-35°C) ]

_ = _.4,‘ A cerame © 100~ — Post-TDR with TECs (for a range of operation scenarios) 7

. Iiliii'_f ) Pl - ——— TDR projection R

Warm Side .. 80 :_ 7 2 / '/ /____

SiPM array backside " . 60— | / 4 | | /, | }W'_ﬁff_;_ﬂe— =

o4 ﬁ;ﬂ-f:‘i‘iﬁf"—ﬂ"““-’ e =

"!!‘!:'ilst.TrY‘za'::E;!‘!“IIE!IIE 0: AR TN N [ O UV SO R (O O SO T A I O O T O A AV LN Y N N N (Y VN [ R W N [ 1Y .:
g-} o | - m " -= . 0 1 2 3 4 5 6 7 8 9 10

Years of operation (nominal luminosity)
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= Dedicated readout ASIC (TOFHIR) is being developed for BTL.
— Derived from TOFPET ASIC developed for PET applications.
= Key feature is a noise suppression filter :
— Inverted and delayed pulse subtract from the input pulse
— Restores baseline at the rising edge of the pulse.
= Improves time resolution by about a factor 2 at EOL.

Simulation of TOFHIR DCR cancelation A

Left : Input pulse

pulse

Ut\me [pS]
3

Measurements :

11.05.2022

Right : Pulse after subtraction of delayed input .

~l
(=]

50

40%

30—,

20

10

Nominal Bol conditions

—e—— delay=7
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——e—— delay=5
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Threshold above the baseline [uA]

Adi Bornheim - Precision Timing Detectors at Hadron Colliders
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BTL Performance in Test Beam @PT

« Test beam to test resolution and uniformity of LYSO crystals
« 120 GeV protons beam.

« Silicon tracker telescope to measure proton position and Micro Channel Plate-PMT
(MCP-PMT) used as reference time

« Two different SIPMs tested (HBK and FBK). Box at 25°C
« Layout allowing rotation of crystals vs direction of beam

» Recent test beams at PSI and CERN with TOFHIR readout and irradiated SiPMs,
analysis ongoing.

Scintillator
for trigger

Silicon tracker Crystals+SiPMs ~ MCP-PMT

.............. ”

=
1-bar
" assembly ,_ -

S
N |
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BTL Timing Measurement @PT

» |In FNAL test beam shown , timing extracted from the leading edge of SiPM
pulse.

= At low thresholds, timing resolution improves with increasing threshold due to
larger S/N.

= At larger thresholds, timing resolution deteriorates as fluctuations on the
arrival time of the Nth photon add more jitter.

» In case of BTL, minimum varies as DCR add noise. Optimal threshold in the
range of 50 photo electrons.

= Note : ~160k scintillation photons, ~9k PE
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Time resolution @PT

= Estimated as O taverage and atdiﬁ/z where

— — — 2 2
- Atbar - taverage - tMCP - (tleft + tright)/z - tMCP and ataverage - \/O-Atbar - O-tMCp

— lairf = tieft — Lright
= Resolution for MIP below 30 ps

= |Improves with increased light output and, for sufficiently high thresholds, scales
with the inverse of the square root of amplitude

LYSO:Ce 3x3x57 mm’ - HPK $12572-015 3x3 mm?

. — A %2/ ndf  17.19/16
3 [5=29.0 + 0.4ps —e— W/o beam spot selection : po 23.4 +11.82
-0 =30.3 =1.2ps —m— Ax<2 mm i ] p1 0.8677 +0.1206
0.251 ~ 3 p2 13.95 + 3.1
- + ] g x2/ ndf 17.5/16
0.2 B fa __ ® po 18.41 + 3.806
B '\ i E 10° p1 16.15 + 9.28
0 15: + _ p2 11.88 + 6.351
T £ ]
0.1 S ¢ -
5 I ]
0.05/- / t .
B ¥ *‘\ T
0: [ 'E(; * ] oL
-200 -100 0 100 200 0 0.5 1 1.5 2
ty/2 (PS) amplitude (MPV)
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Sensor Uniformity CPT

= In the detector, particles will cross LYSO bars at broad range of impact angles
depending on their pT.

— LYSO bar thickness varies along eta in three groups (2.4, 3.0, 3.75 mm) to
equalize effective path length.

» Uniform response and resolution along the bar :
— Effect of gaps negligible if <200 um, expect gap ~ 80 um for final bar arrays

LYSO:Ce 3x3x57 mm® - HPK $12572-015 3x3 mm® —_
6\ 65 _| LR | LI | T | LI | T | LI | L l LI | L Itl Trrrr T I_ ; X a
8 Ctaverage! © =30.5 = 0.5 ps * Laverage E h:_ i
~— 60t /2: 0=282:04ps otyd2 ' 8|
- = = - t . ' ©
.9 55 jtlaﬂ :o0=411+0.6 pPs :tleft 3 hearn E 2 40 - _
—— :tﬂgm :0=415 £ 0.7 ps right ] I
= 501 3
o . :
O 45 : :
GEJ 401
— = 30| -
= 35}
30
25 : ; -
20 - E - | data barA madel barA ® data combined
u . 20" | data barB —— model barB —— model combined
1 5 :I 111 l L1l ] 11l l L1l ] (-l l L1l ] (-l [ L1 ] (-l | 111 | Ll I: i O data barl(: - m?dEI barC | 1
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%} BTL Layout & Design

ToNHTE

BTL attached to inner wall of Tracker Support
Tube

Cold volume shared with Tracker
BTL Segmentation :
72 trays (36in ¢ x 2in n)

331k readout channels, 165k LYSO bars,
organized in 10368 modules, 6 Readout Units
per tray.

Tray dimensions : 250 x 18 x 2.5 cm
Module dimensions : 51x57 mm?2

BTL module
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The CMS Endcap Timing Layer

Endcap Timing Layer (ETL):
* Low Gain Avalanche Diodes (LGADs) with ASIC readout
» 16<|n| <3.0

= Total surface of ~ 14 m? 4
* Fluence at 3 ab™: up to 1.7x10%n.,/cm’ 8

ETL technology choice — LGAD :

= Very resilient against radiation

=  Typically 30 ps time resolution per timing layer
=  Employing technology from tracking detecors
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Timing with LGAD CPT

* pt*gain layer implanted underneath n++ electrode i S T
= High located electric field (E > 300 kV/cm)

= charge multiplication
«— D

» Moderate internal gain 10 — 30 to maximize signal/noise ratio

i p++
EE—

’ Sensor Requ"ement& E filed Traditional Silicon Diode

= Pad size of few mm2determined by occupancy and read-out
electronics (pad capacitance ~ 3 — 4 pF) 3

= Gain and breakdown uniformit ? T — 0
y f ‘.‘\p‘ﬁ
= Low leakage current N4 ~ 10 Boron/cm?®
= Provide large and uniform charge, > 8 fC when new and > 5 fC at <« p
the highest irradiation fluence o
e &

— No-gain distance between adjacent pads < 50 um Low Gl vslanche Diode
The final sensor:
e 16x16 pad array with 1.3x1.3 mm? pads

WF2 Simulation

T o A Minimum temporal resolution vs sensor thickness using CDF = 50%
= 108 .60
140 H
% Non-uniform - % 50 Lo
Intrinsic limitation : et w 5% —
2 y =0.87x
. 5 80 & e N IR
Landau fluctuations iy o s
- Q
. . . . 40 [+ R
in the signal creation process : " e *
5 20 E 0
% 100 200 300 400 500 © 0 10 20 30 40 50 60
x [um]
Thickness [um] o5
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LGAD Performance @PT

e Laboratory setups in Torino and FNAL based on a Sr9 B-source

e Sensor performances are benchmarked using very fast low noise electronics
« Both FBK and HPK sensors achieve a time resolution < 40 ps up to 2.5x10% n,/cm?

— With both the latest FBK and HPK production, ETL able to avoid performance
degradation even in its innermost part

— Results might change with ELT ASIC. Additional resolution contribution from
 ASIC, discussed later
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ETROC

Endcap Timing Layer Read-Out Chip (ETROC) is the ETL read-out ASIC
e Time resolution <50 ps per single hit
« Power budget: 1W/chip, 3mW/channel

Three prototype version before the full-size 16x16 chip:

« ETROCO : single analog channel

« ETROC1: full front-end with TDC and 4x4 clock tree

« ETROC2: design in progress: full functionality + full size

Test beam results with ETROC1 meet specs

Ch 3

g; = \[(gi2}+ai2k + ajzk)/z ~ 42-46 ps

-
- 0,,=63 ps

1
| Three ETROC1 Boards telescope

120 GeV proton Beam

t-,

- 6,,=62 ps

Number of events

T
ch3 (pixel 9)
B1

T ch2 (pixel 5) chi (pixel 5)
o I B Clock
distribution
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ETL

= Embedded in neutron moderator in front of HGCAL, 200 Kg,
thickness 42 mm, out radius about 1.2 m, 8M channels.

= Radiation level up to >10% ‘ = -
= Two layers of LGAD, achieving a combined 30 ps BOL, <60 ps EOI -

Radiation fluence expected in ETL,
in red the region > 1x101% neqlc:mZ

Final sensor

ETL sensor module

o = e [E] &)

. . | ETROC )
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Summary @PT

= Hadron colliders continue to be prominent tools in particle physics

= Detectors need to evolve to harvest physics potential

= Timing will have high impact on the HL-LHC physics program
= TOF for particle ID, 4D reconstruction, LLP signatures

= Enhance statistical significance of Higgs analysis by reducing effective
pile-up

= CMS timing upgrade well advanced :
= Transitioning from last prototype rounds to pre-series stage.
= Design choices and concepts confirmed in lab and beam tests.
» Detector production scheduled to start in 2023.
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