PHYS 7363 - Experimental Particle Detection and Detectors I

Particle detectors are the workhorses of experimental physics.
In this course, we'll dive deep into their physics, exploring the
incredible evolution of our experimental techniques over the
past nine decades. You'll gain a solid understanding of particle
detection and identification, examine the intricate designs of
modern detectors, and learn how machine learning is being
harnessed to push the boundaries of detector design. If you're
intrigued by how we “see” subatomic particles, this course is for
you!
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Unprecedented granularity

Visualization of showers
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and even muons
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The location of the HGCAL

ocation of the HGCAL.:

e 1.5<n<3.0 e Related R&D:

e DAQ system designed to cope with
the large amount of space-energy-
time information in the HL-LHC
conditions

e Considerable R&D for software and
computing needs and development
of efficient algorithms for
reconstruction

e Endcap Timing Layer
e HGCAL Thermal Screen
e Polyethelene Moderator




The design of the HGCAL

Active Elements:
* Hexagonal modules based on Si sensors in CE-E

and high-radiation regions of CE-H
e “Cassettes”: multiple modules mounted on
cooling plates with electronics and absorbers
 Scintillating tiles with on-tile SiPM readout
in low-radiation regions of CE-H

Key Parameters.
Coverage: 1.5< |n|<3.0

~215 tonnes per endcap

Full system maintained at -35°C
~620m? Si sensors in ~30000 modules
~6M Si channels, 0.5 or 1cm? cell size
~400m? of scintillators in ~4000 boards
~240k scint. channels, 4-30cm? cell size
Power at end of HL-LHC:

~125 kW per endcap

Electromagnetic calorimeter (CE-E): Si, Cu & CuW & Pb absorbers, 28 layers, 25 X, & ~1.3A
Hadronic calorimeter (CE-H): Si & scintillator, steel absorbers, 22 layers, ~8.5A




Sensor layout in the silicon section

e HGCAL sensors will have 3 different active thicknesses:
e optimized taking charge collection and operation conditions into
account
120 um, 200 um and 300 pm
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Sensor layout in the scintillator section

e Hadronic section features silicon sensors and SiPM-on-tile
readout sensors
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The HGCAL Readout infrastructure

HGCROC ASIC — signal amplification and shaping,
digitization, triggering

Concentrator ASIC (ECON) — aggregates data from a
collection of HGCROCs

e ECONT performs trigger primitive data- processing with
more than one possible algorithm

e ECOND performs zero suppression of triggered data

CMS preliminary CMS preliminary
@ Layer 1 & Layer2 -mLayer3 Layer4 -aLayer5 - Layer 1 & Layer2 -mLayer3 Layer4  -a-Layer5
~- Layer 6 e Layer7 -o©-Layer8 m Layer9 = Layer 10 ~-Layer 6 e Layer7 o-Layer8 m Layer9 = Layer 10
Layer 11 -A-Layer 12 - Layer 13 Layer 14 -mLayer 15 Layer11 -a-Layer 12 -@ Layer 13 Layer 14 @ Layer 15
= Layer 16 -a-Layer 17 Layer 18 - Layer 19 Layer 20 = Layer 16 -a-Layer 17 Layer 18 -@ Layer19 < Layer 20
The HGCROC IncreaSIngly reaIIStIC |n the SImU|atIOnS m Layer21 3 Llayer22 -alayer23 -A Layer24 Layer 25 m Layer21 5 Llayer22 -alayer23 -A Layer24 Layer 25

< Layer26 -m Layer 27 +Layer 28 < Layer 26 -m Layer 27 -Layer 28

3000 fb-1

with regard to inclusion of noise
Performance stable across detector volume

End-of-life conditions show some deterioration within
tolerance

40 60 80 100 120 140 160 120 140 160
Radius [cm] Radius [cm]




Reconstruction algorithm iIn
2+1 D

 Shower reconstruction in the HGCAL is iteratively done in 2+1 dimensions

 Event displays from test beam data illustrate the proof of principle

* The 2D clusters are called “layer clusters” and are merged to form a single cluster —
representative of the shower

* Amenable to an order of magnitude speed-up with GPUs

=4 LU

—

300 GeV

hadron 30X, 46X, 63X, 78X, 95X 130X, 165X 24X, 27X, 29X, 32X, 35X, 38X, 42X, 45X, 48X, 51X
0.16A  024A  032A  04A 048k  065h 085X 132 1.7 M 20 23 26h  29M 33 35h 38h  41h

RecHits in the cells of each consecutive sensor


https://iopscience.iop.org/article/10.1088/1748-0221/13/10/P10023

he Iterative ClLustering ( ) Framework

 Linking of 2D layer clusters to form 3D shower performed
with a cellular automaton based pattern recognition algorithm

* |nvolves window search from layer N — layer N+1
(creating a doublet) including compatibility criteria based
on energy, timing, geometric constraints

e Simplified combinatorics if electromagnetic components
removed before clustering hadronic block

cer LC by Magy
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Performance of the HGCAL with TICL

e The performance of the TICL algorithm in shower energy reconstruction
IS encouraging for both electromagnetic and hadronic showers

e current approach collects all diffused components of the hadronic
shower as a single object

Single-n*
ml=1.9
PU=0

CMS Phase 2

-\Simulation Preliminary

®  Rec/able

® TICL
+ TICL (Non-Interacting)

®  Rec/able

® TICL

50 100 150 200 250 300

‘ \ ‘
50 100 150 200 250 300
Eer [GEV]

Ency [GEV]

e Rec/able: The energy that can be reconstructed by summing the energy of all reconstructed hits pertaining
to a generated particle
* Non-interacting: no interaction in the tracker volume
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High Level Triggering (HLT) with TICL

HGCAL
RecHits

Pseudo 2D
clusters

Pixel Matching [ Y gl Electrons.

(Calo driven

ﬂ seeds)

SuperClustering
/ ;7 S

S—— ) [

PU 200 (14 TeV)

> 3 3D >
layerClusters trackSters

CMS HGCal el'ectrons
HGCAL reconstruction chain successfully F1ia00-2 Sililation :

implemented in trigger paths 10<pi"™ <50 Gev

(1, 0), -(1 0.044)

50< pT ' " <80 GeV
(u, u)m=j(1, 0.028)

—h
<

TICL algorithm optimized for HLT timing

80 < p‘f" <110 GeV
(u, u)m=f(1, 0.022)

Multivariate regression (in use in Phase-I) used
to further improve performance

110 < pjr’“ <140 GeV
(u, ())'n=(1, 0.019)

arpitrary unit

—h
<
N

140<p.. <170 GeV
(u, ())'n=11, 0.018)

* |nputs based on shower shape variables and
ratios of hadronic and electromagnetic energy

170 < p‘:?" <200 GeV
(u, ())'n=(1, 0.019)

2D layer clusters can be used to define
calorimetric isolation specified at the HLT 10-2

TDR-21-001 Efggg / Eqge

1.5
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https://arxiv.org/abs/2012.06888

Timing Performance of the HGCAL

K, n=18, p<2cm

0.12

Beginning of life

* |Intrinsic silicon signal time
resolution (~ few ps) can be
used to distinguish between
close by showers

- =--- A =5000ps /(S/N), C =20 ps

e Use O(10 ps) timing to
iIndividuate pileup particle
showers

0.5 X 68% Central Cl [ns]

| 'Removal of hits in an
. event with hits |At| > 90 ps
- L v

S L]
u " *-f.-
o -

24 26
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Conclusion

A brief overview of the High-Granularity Calorimeter was presented
The HGCAL provides unprecedented spatial granularity

It enables excellent identification of electrons, photons, pions and even
muons!

It will be the first calorimeter at a collider with O(10 ps) precision timing
capabilities, leading to the identification and eventual mitigation of pile-up,
one of the biggest challenges of the HL-LHC environment

Sophisticated shower reconstruction algorithms needed and first steps in
place

DPF 2021 14 Saptaparna Bhattacharya



Additional Material

DPF 2021 15 Saptaparna Bhattacharya



The TICL algorithm

Tracks [ PID [ Denoisine
Rechits Jy2D Clusters g Secding Region g Tracksters g PFTICLProducer

i el e
ot

The various steps of the TICL algorithm

DPF 2021 Saptaparna Bhattacharya
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https://cds.cern.ch/record/2293646/files/CMS-TDR-019.pdf
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* Muon identification efficiency versus probability per
event that another non-muon track identified as a

muon e Muon identification efficiency versus |n| for pr > 5

GeV

* Different noise scenarios explored consistent with last
12 layers of the HGCAL
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ECON

3 X 10.24 gbps 7 x 1.28 gbps

ECON-TRG ECON-DAQ

3x IpGBT 7x IpGBT
SCR/ENC/SER et eTx T foct

IPDRAM 1‘ control IpDRAM control
buffer buffer

IpGBT T IpGBT
Trigger clock Zero clock

. enerator . enerator
Algorlthr'ri‘ : suppression .

36x IpGBT ePortRx 36x IpGBT ePortRx
ERRRRR NN RN R RAnini IRRRRRNENI Rl

36 x 1.28 gbps 36 x 1.28 gbps
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Motherboard +Tile module

off-detector off-detector

(trigger) (DAQ) BV supply

power supply
ﬁ Motherboard

trigger e-links Ll_t')C Cl'OCk/[
DAQ e-links Sl LI

Tile module slow ctrl
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H1: The DAQ System of the 12,000
Channel CMS High Granularity
Calorimeter Prototype

H2: Construction and Commissioning
of CMS CE prototype silicon modules

H3: Measurement of the response of a
CMS HGCAL silicon-pad calorimeter
prototype to electrons at the 2018
beam tests

H4: First Tests of CMS HGCAL silicon
using SKIROC2-CMS ASIC at the
DESY Il Beam Test

HS: Timing performance of prototype
silicon-sensor modules for the HGCAL

in high-energy positron and pion beams
at CERN

C1: Hadron reconstruction performance
of a CMS HGCAL+AHCAL prototype in
beam tests

DPF 2021
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Test Beams since 2018
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TECHNICAL REPORT

The DAQ system of the 12,000 channel CMS high

granularity calorimeter prototype
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M. Besancon,%’ S. Bhattacharya,“® S. Bhattacharya,*” D. Bhowmik,“” P. Bloch,*

A. Bodek,“* G. Bombardi,* M. Bonanomi,““ A. Bonnemaison,““ S. Bonomally,* J. Borg,’*
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S. Choudhury,” D. Coko,’ G. Collura,“? F. Couderc,*’ L. Cristella,® I. Dumanoglu,?

D. Dannheim.,© P. Dauncey,* A. David,“ G. Davies,® E. Day,-’ P. DeBarbaro,“* F. De Guio,“?
C. de La Taille,/ M. De Silva,” P. Debbins," E. Delagnes,"’ J.M. Deltoro.” G. Derylo,’
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CLUE Algorithm

 (lustering: CLUstering by Energy [CLUE] algorithm [arXiv:2001.09761]

nt at LHC, CERN CMS Experiment at LHC, CERN
* Thu Jan 1 00:00:00 1970 UTC Data recorded: Thu Jan 1 00:00:00 1970 UTC
10 Run/Event. 1/ 10

Lumi section: 1
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Single-y
|T]|=1 9
PU=0

CMS Phase 2

Simulation Preliminary

® Rec/able

* TICL

Electromagnetic showers

50 100 150 200 250 300
Fit results: Egen [GeV]

Stochastic Constant

23%

25%
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TICL Performance

23

Single-t*
Inl=1.9
PU=0

= Rec/able
e TICL
+ TICL (Non-Interacting)

u +
n

Hadronic showers

50 100 150 200 250 300

E GeV
Fit results: Ien [ |

Stochastic Constant
Rec/able

TICL

TICL
(Non-int/ing)
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he Iterative ClLustering ( ) Framework

e Simplified combinatorics if electromagnetic
components removed before clustering hadronic block

 Linking of 2D layer clusters to form 3D shower
performed with a cellular automaton based pattern
recognition algorithm

* |nvolves window search from layer N — layer N+1

iIncluding compatibility criteria based on energy,
timing, geometric constraints

DPF 2021 o4 Saptaparna Bhattacharya



