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The midterm future at CERN: High Luminosity LHC

Standard Model of Particle Physics (SM): Theory of matter and interactions at smallest scale.

Decisive deficits, e.g. dark matter, matter-antimatter asymmetry, incorporation of gravity, ...

Exp. testing via high-energy particle collisions: Large Hadron Collider (LHC) @ CERN.
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HC Runs 1+2: Robustness of SM consolidated. No new physics.
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HL-LHC necessitates detector upgrades

Experimental challenges LHC

- inst. luminosity 2 x 1034s1cm-2 _>
- detector irradiation O(10'4neqg/cm?)

- pile-up interactions O(40)

HL-LHC

up to 7.5 x 1034 s-1 cm=
>0(1015 neg/cm?)
140-200

Mitigation strategy

> Improved trigger & computing

> irradiation-hard sensors & electronics

> 4D granularity

Compact Muon Solenoid (CMS)
HL-LHC Upgrades
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New calorimeter endcap (CE): High-Granularity Calorimeter (HGCAL) 4

HGCAL = Sampling calorimeter

in CE-E and high radiation

regions of CE-H.

Both endcaps Scintillators
Area >600m? 400m=
#Modules ~30000 ~4000
Channel size 0.5-1cmz2 4-30 cm?
#Channels ~6 M ~240Kk
Op. temp. -35°C -35°C
Per endcap CE-E CE-H (Si) CE-H
9\*%& Absorber  Pb, CuW, Cu Stainless steel, Cu
QY A Depth 25 Xo, 1.3 A ~8.5 A
Q‘b Layers 28 8 14
Weight 215t / endcap
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My contributions to the HGCAL upgrade project

Does the silicon-based HGCAL design Problem 1:

meet the expectation? All-new HGCAL:
Design based on simulation

- Core elements functional? Operation and R&D.
and calibration? Problem 2:

Computing for calorimeter Time-efficient calorimeter
* Proper performance for simulation a limited resource

electromagnetic and for hadronic soon.
showers?

simulation without reducing the
dimensionality of the data?

- Exploitation of granularity?

Nov 2016

Characterise components.

Build prototypes.
Tests with real particles.

Calibrate the detector & analyse data.

Compare results to simulation.

Apply machine learning.

\% | RWTH
Thorben Quast | PhD Defense Presentation, 28/05/2020 . Physicalisches



Outline of this presentation 6

1. CMS HGCAL Prototype Construction

Silicon sensors & FE electronics - Module assembly - Prototype mechanics

2. HGCAL Test Beams 2018

Setups at DESY and CERN - Beam characterisation - Developed test beam infrastructure -
Signal reconstruction

Experimental
aspects

3. Qualification of Prototype Silicon Modules
MIP detection efficiency - MIP calibration - Timing calibration & resolution

4. Performance Validation of Calorimeter Prototypes
EM showers: Longitudinal shower profile - Energy linearity & resolution - Positioning resolution -
HAD showers: Shower start identification - Energy reconstruction

Test beam
results

5. Fast Generative Modelling of Calorimeter Data
Towards faster simulation - Wasserstein Generative Adversarial Networks - Proof-of-concept -
Application to 2018 test beam prototype

ML-based
fast sim

6. Conclusions

RWTH
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Electrical characterisation
of 6” silicon sensors

1. CMS HGCAL Prototype Construction

> 4.5 “Prototype Assembly in 2018”
» 8.1 “Electrical Properties of 6” Silicon Sensors”

Mounting of silicon prototype modules

Thorben Quast | PhD Defense Presentation, 28/05/2020

After assembly and first pedestal

runs before the final beam test
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[za‘f

% Si I iCOn SenSO rS & F E eIeCt rOn iCS - Module assembly - Prototype mechanics 8

HGCAL prototype silicon sensor for beam tests  prototype readout ASIC: SKIROC2-CMS

- 6” hexagonal wafer, n-type bulk. - Shapes, amplifies and digitises signals from the silicon sensors.

+ 135 cells, S different geometries, “full cell™~1cm?. * Operated at 40 MHz, 13-deep memory with slow shaped signal (high & low gain).

* Non-irradiated —> small leakage current. - Fast shaped signal: Time-of-arrival (TOA) and time-over-threshold (TOT).
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:/3 M Od U Ie assem b Iy - Prototype mechanics

1-module layer in electromagnetic part

Modules assembled as glued stack
of baseplate, . Si sensor and PCB:

gluing

wire bonding
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tavu

=| Prototype mechanics

600mm

Hanging file design

for flexible insertion Nmm

20

/ﬁ
Plaque shielding iron ep.40mm x
x 500 x 500mm 'R

patte levage #1

Passive
material L\ _
. CE-E: P g

material: Pb, W, Cu

thickness: 5-6 mm
« CE-H-Si:

material: Fe
thickness: 4 cm
weight: O(1000kg)

Thorben Quast | PhD Defense Presentation, 28/05/2020

* 94 prototype modules assembled by October 2018.
» Full CE-E prototype with 28 layers.
- Half-equipped CE-H(Si) prototype with 12 layers.

Configuration 1 FH

11 Oct - 18 Oct 2018 O9x7 + 3x1 modules

EE
28x1 modules

T

EE
T 4.0-27.7 Xo

10

<« 1 _7-5.0 A“

Xo = electromagnetic

L n = huclear interaction
radiation length

length

= ~12.000 readout channels.
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2. HGCAL Test Beams 2018 11

» 6. “Experimental Infrastructure”
> /. “Data Reconstruction Algorithms”
» 8.2 "Tomography of the Prototype PCB”

Installation of delay wire chambers Ultimate HGCAL prototype beam test Prompt data reconstruction and
in the CERN SPS H2 area setup in H2 in October 2018 monitoring in the control room
y e 7 . i\ iSeas —E - o e g/ i . | ; '

.....

vvvvv
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@ Set U pS at D ESY an d C E R N - Beam characterisation - Developed test beam infrastructure - Signal reconstruction 1 2

March 2018 @DESY Il (T21) » October 2018 @CERN SPS (H2)
1 + 2 HGCAL modules: Setup 94 HGCAL modules:
1 module: mounted on moving stage 28-layer EE setup + 12-layer FH setup
1.6 -6 GeV/c e Particles e+, U, - up to 300 GeV/c
silicon module design qualification Goal full in-situ calibration, performance+comparison to simulation
DATURA beam telescope Aux. detectors delay wire chambers (DWC), microchannel plates, threshold Cherenkov detectors

y e S
CERN SPS N —— T |
- VME readout | (i /% | pms
= . HGCAL-FH
HGCAL-EE n
[ DWC NN
DATURAarm1| | \ \)‘
downstream k v | ')/I’//h
calo-stack - central S . .
i | module 7 3 —— : scintillator
e ""de'eSt scintillator ' '
P g gl o~
g "J ‘ ;L == ‘ scintillator ) /44- ¥ environment
| B8 ;k rz::g;g I'“ ‘i e . b control
l h gl e L 4‘.‘
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@ Beam C h araCteri Sat i O n - Developed test beam infrastructure - Signal reconstruction 1 3

DATURA Beam Telescope @DESY HGCAL prototype printed circuit board

HGCAL private work PCB v2 DESY T21, March 2018

1.8r—

Tracking of up-/downstream e-.

= Impact position and kink angles.

<k$ [mrad

Beam detectors are essential.

v Pointing resolution of ~10 pm, limited by
multiple scattering.

- Used: PCB material tomography >
and MIP detection efficiency.

Delay Wire Chambers (DWCs) @CERN MicroChannel Plate (MCP) @CERN

Charged particles —> fast signal.

0.4

Tracking of upstream particles.

= Impact position. = Time of particle incidence. x [mm]
v Pointing resolution of ~0.5 mm, limited by v MCP timing resolutions down to ~30 ps.
intrinsic DWC resolution.
« Used: TOA calibration and prototype’s
- Used: MIP detection efficiency & purification, timing performance.
pointing & angular resolution, beam profile for
sim.
RWNTH
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@ DeveIOped teSt beam infraStrU Ctu re - Signal reconstruction 1 4

1. Data acquisition system (DAQ)

» Custom made electronics for HGCAL prototype readout.
- Off-the-shelf electronics for beam detectors.
» Integration into EUDAQ framework.

DQM: DWC-correlations ‘

Online DQM HGCAL Beam Test

Run 718, CERN H2, October 2018

Published: JINST 15 (2020) PO1038 = S0¢ 190
» Event synchronisation: trigger and timestamp. £ 10
Publication in collaboration review soon. c”ﬁ
= 30 100
>

2. Data quality monitoring (DQM)

* Online reconstruction & visualisation of the data.

3. Event reconstruction

* Algorithms & workflow largely implemented from scratch.

|FH||-||-||-|P||:_-||||H!F|-HH|-|-||1-H||||||||

80

60

40

20

_50C L 0
- DWCs: position ~ time difference, alignment. 0 40 S0 =0 -0 0102 3?, 9
. DWC-D
- MCP: waveform analysis.
- Beam telescope (DESY): multi-step track reconstruction.
- HGCAL prototype: next.
RWNTH
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https://doi.org/10.1088/1748-0221/15/01/p01038

@ Signal reconstruction

Raw data from SKIROC2-CMS for every channel:

- Slow-shaped signal waveform, 13 samples, two gains (HG/LG).

« TOT and TOA.

Reconstruction: “Hits"

Deposited energy and timestamp for every channel.

/

Energy, 5-steps:
1. Pedestal assessment and subtraction.

2. Common-mode noise subtraction.

« Based on common baseline shift in a
module.

3. Signal amplitude from waveform fits. | 1.

- Avoid 0-signal-fitting: Preselection criteria.

4. Gain linearisation.
- Use most-sensitive, non-saturated gain.

5. Conversion to physical energy.
* Defined by minimum ionising particle.

Thorben Quast | PhD Defense Presentation, 28/05/2020

normalised signal, TSt ! A, (high gain)

0.8

0.6

0.4

0.2

15

Time, 2-steps: |2
* TOA - time nonlinearity.

* Fixed threshold discriminator —> time walk.

20-300 GeV/c e*, CERN H2, October 2018
| | | | | | | | | | | | | | | I |

HGCAL private work run 501, CERN H2, October 2018 HGCAL private work
[ ! ! I ! ! | | | ! ! ! ! ! ! ! | ! ! ! ! | ! ! ! ! I ! ! | lal B ! ! | | ! ! | ! ! !
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é@ o 8.4 “Module Qualification with Minimum lonising Particles”
ge\e' .\Q& > 9.1 “Energy Response to Minimum lonising Particles”
O » 9.3 “Calibration and Resolution of the Time-of-Arrival”

D

3. Qualification of Prototype Silicon Modules

Prototype modules functional

Analysis

Recorded data

Data

Publication in collaboration review: "Construction, Commissioning and Calibration of CMS CE prototype silicon modules”

Thorben Quast | PhD Defense Presentation, 28/05/2020
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Wl
:g: M I P d eteCt i O n eﬁi C i en Cy - MIP calibration - Timing calibration & resolution 1 7

MIP efficiency at cell-cell boundary Full module MIP efficiency maps
Efficiency to detect electron-MIPs measured at DESY. 1. Denominator: Extrapolate p-track from DWC.
Integral component: Precise tracking with DATURA beam 2. Numerator: Check if active cell is in vicinity.
telescope. > Integrated efficiency close to 100% for most modules.
>Close to 100% for exposed cells. »5 / 28 modules with areas of reduced efficiency.
> Per-cell MIP efficiency falling quickly at cell boundary. « 1x bad ASIC, 1x high leakage current,
>No efficiency gap between cells. 3x insufficient pad-chip bonding.
HGCAL private work Module 77 w, CERN H2, June 2018
- HGCAL prlvate work 3 6 GeV/c e DESY T21 March 2018 . 100
& - - chlpO channel 24II ch|p1 channel 44 E 094 . g )
:g 1IF T L1 “%—F T _T__ 1 I_I% %0
= i -
= 0.8 LT - S0
0 6_— B chip O, channel 24 B chip 1, channel 44 .
L — b=1986.09 +/-0.68 um \|H —— b=1983.09 +/-0.18 um -
- Oyae = 21.27 +/- 0.60 um Oac = 23.01 +/- 2.69 um-
- —— ¢,=0.90 +/- 0.01 —— ¢,=0.90 +/- 0.01
04 — ¢,=0.04 +- 0.01 —— ¢, =0.03 +/- 0.01 B
B L e :
g 1]?1- rl- 1 h]i L i 1 ! I I | I I I T"'ll 1-.1[%'"7 J:l L-F [ | I I I
1800 1900 2000 2100 2200 _
DATURA track-y [um] XpWe-track €M
= MIP signals confined to single cells: Good. = MIP efficiency: Good.
RWNTH
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Wl
:g: M I P Cal i bratiOn - Timing calibration & resolution

MIP calibration strategy

Signal spectrum induced by MIPs.
Calibration = maximum of Landau x Gaussian fit.

> Tracking of MIPs with HGCAL prototype:
—> Signal purification.
- Muon beam and parasitic (undefined) beam.

HGCAL preliminary parasitic beam, CERN H2, October 2018
%\ L ! ! | ! ! ! ! ! | ! ! ! | ! ! ! | ! ! ! .
@ . |
B2, 0.1 i | Module 144, chip 2, channel 28
cU
£ | 31.8:0.3 ADC/MIP
Q | 2263 selected entries
: 008 [ | —
O
9( | 200um sensor I
o i
= 0.06 [ — — pre-selection threshold
g pulse shape (PS) analysis
= —— PS +track req. x17.9
ooal I F A 0 e Fit to PS+TR data _
0.02 — _
O 1 | | | | | | | | | | | | | .I
0 20 40 60 80
AEG (Reconstructed high gain) [ADC counts]

= HGCAL as MIP-tracking device: Good.

Thorben Quast | PhD Defense Presentation, 28/05/2020

MIP calibration results

v >10,000 channels (~85%) calibrated.

» ~3% variations within channels of same chip.

> Chip-chip variations sizeable.
> Scaling with sensor thickness as expected.
> Dependence on cell geometry.

18

HGCAL private work

> 10 entries / chip, 120 GeV/c u,

CERN H2, June 2018

AR A EE
@ X0y v v by |IBChipt |7
N
3 - b bbb r 0 |IEChip3 | -
o PPl [ Average |
O SR R I A AR YUY N O N A N LA O O O T O A A R
el e ey
poopta Dl T T
= LT TR S I dOH e “?iq::-
SN RE Y BEEEUARA L
SN T B TR : S S TN T
ss'—a?*'aai\ A REEEEEEEE RN R
SEEEI RN IR
sof- | i it R I
SERERREEREEE RN RN
N 8T b3 B BY IBLBRFR SRR 3 38 85 33 5
” Module
= MIP calibration feasible - and mandatory.
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:§; Timing calibration & resolution 19

Timing calibration > Timing performance

Timing important for HGCAL: pile-up rejection &
clustering.

v'Handful of central channels calibrated —> proof-of-principle.

_ L _ « Compare calibrated timestamp to reference time from MCP.
2 calibration ingredients:

« TOA-nonlinearity.
 Time walk due to fixed threshold discriminator.

> Better performance for linear region of the TOA.
>~ E-dependent resolution. Constant ~65ps.

= Timing calibration (with ext. time reference): Feasible.

Thorben Quast | PhD Defense Presentation, 28/05/2020

HGCAL private work > 100 GeV/c, e'/n’, CERN H2, October 2018 300 HGCAL private work > 100 GeV/c, e'/n’, CERN H2, October 2018
P - | | | | EERE 7 T T | | | | | | ]
N = Data A,,cp; > 100 ADC counts . :&
% Or — Fit — Q - = data, full TOA range Auces > 500 ADC counts I b
S i []95% uncertainty Z 2501 . o
. ! i 2 = = + === +
§ % . — fit, x¢/ndf=1.5, VP pS—16164_417, DS 80.5x1.4
® I
s -Ir - 200~ data, linear TOA range |
I_
< i .
o i Fit: v2/ndf =13.6 /14 i fit, 5/ndf=0.6, -2 -5=16107:555, %=64.9¢2.3
= ol a = 0.00037 = 0.0001 ns/MIP | _ 1501 ‘
v I b=0.14 +0.12 ns
I c =-4004 + 34.8 ns MIP 100+ . ‘ _
-3 d=-37.24 + 6.56 MIP — _ . 0
i 501 I -
4 — !
i | | | | | | | | | | | | | | | | I | O_ | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | I |
0 200 400 600 800 1000 0 100 200 300 400 500 600 700 800
<E> [MIP] (Module 76, Chip 1, Channel 38) E [MIP] (module 76, chip 1, channel 38)

= ot close to 60 ps for high-E: Good.
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— 4. Performance Validation of Calorimeter Prototypes 20

é&‘ o 10.2 “Studies with Electromagnetic Showers”
gée' .\Q& > 10.3 “Studies with Hadronic Showers”

{@
Showing event displays at the 2019 EP R&D Day at CERN
“HGCAL = Imaging calorimeter”
e
Publication in collaboration review soon:
“Measurement of the response of a CMS HGCAL silicon-pad calorimeter prototype to electrons at the 2018 beam tests”
% | RWTH Ch
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E M S h Owe rS : I O n g itu d i n al S h OWG r p rOfi I e - Energy linearity & resolution - Positioning resolution - HAD showers: ... 2 1

EM: Longitudinal shower profile EM: Shower depth

= mean energy deposit in a layer vs. depth .= Elayer-weighted center-of-gravity

. EM showers fully contained. Expect: Depth ~ log(#particles) ~ log(E)

> Overall good agreement to simulation. > Log-scaling.
> Data = Simulation.

HGCAL private work 300 GeV/c €', CERN H2, October 2018 HGCAL private work e”, CERN H2, October 2018
E B | | | | l | | | | l | | | l | | | | l | | | | l | | | | !_ I_IO 11_ | | | | | | | | | | | | | | | | | | | | | I I_
= 2500 | e . : e, s X, --_::-._:_
N i 5 5 . |— Simulation ] (’SN - L. ]
% I : . : ] 8 10.51 .':3.: ::: -
V2000 e | J Eeee— e v l e :
| 1 | | f 10 A .
- I ,::.' B Simulation ]
1500 e e e ] ool i :
! 5 T .:,:" B Data .
10001 o A :
SV A D R N N N o B L emevy
B5OQ o fffreeoo .......................... .......................... ........................ ......................... ......................... _ | i ' 15.28 _
- ? f f : f 1 - o P[MeV/c] :
8 ¢ 1.0+ 1In 1461 .
i | | | | | | | l | | | | l | | | | l | | | | l - | | i_ i | | | | | | | | | | | | | | | | | | | | | | | | | | | | | I I_
0 ) 10 15 20 25 30 0 50 100 150 200 250 300
Layer depth [X ] Positron momentum (P) [GeV/c]
= | ongitudinal shower evolution: Good. = Depth scaling with energy: Good.
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E M S h Owe rS: E n ergy I i n earity & reSO I Ut i O n- Positioning resolution - HAD showers: Shower start identification - ... 22

EM: Energy linearity and resolution

Most important calorimeter quantity!

Equal layer distancing —> Energy ~ Eee := 2Ec

» (Gaussian distribution of Egk.

Enit.

= | inearity:= J(Eeg) vS. Ebeam. ——
= Resolution:= o/u(Eee) vS. Ebeam.

Nevents (norm al ised)

, CERN H2, October 2018

20 (20) GeV/c e*

30 (30) GeV/c e*

50 (49.99) GeV/c e*

80 (79.93) GeV/c e*

100 (99.83) GeV/c e”

120 (119.65) GeV/c e

150 (149.14) GeV/c e

200 (197.32) GeV/c e
250 (243.61) GeV/c e

, 300 (287.18) GeV/c e

+
+
+
+
+

HGCAL private work e’
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0.04 | H T ﬁ A
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0.02— | 1
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1

o
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10000 5000

25000
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HGCAL private work e*, CERN H2, October 2018
p— [ ] ] ] ] I l| ] ] ] ] l| ] ] ] ] ] ] ] ] ] ] | ] ] ] ]
& - B Simulation i
= 50001 MIP -
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15000 N —
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HGCAL private work e*, CERN H2, October 2018
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L - ]
W 45f uncertainty, AS=0.3 GeV"®, AC=0.09 E
m T = E
B = | Data .
SO y2indf=1.4, S=22.2 GeV°®, C=0.52 E
3 [ —
= uncertainty, AS=0.3 GeV®®°, AC=0.08 .
2.5F —
oF =
1.5F g
- | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | I:
0 50 100 150 200
Ebeam [GeV]

“ The HGCAL prototype is a calorimeter: Very good.

Thorben Quast | PhD Defense Presentation, 28/05/2020

= Linear response: Good.
= EM resolution as simulated: Good.

lll. Physikalisches
Institut

1O



E M S h Owe rS : POS it i O n i n g reSOI Ut i O n - HAD showers: Shower start identification - Energy reconstruction 23

EM: Shower axis positioning & angular resolution

+y

+Z

Important quantity for particle flow calorimetry. + owee OWC D DWG E
DWC ext not use
3-step procedure: _ I

1. Compute impact position at each EE layer using true beam axis o i 1

logarithmic weighting. Published: JINST 13 (2018) P10023

2. Combine EE layers to shower axis. Not to scale 2-axis from DWCs

3. Compare position and angl%
—_— HGCAL preliminary I I e”, CERN H2, October 2|O18 — HGCAL preliminary | | e*,ICERNIHZ, Ocl:tober $018
E L ] ] ] ] ] ] ] ] ] ] ] ] _ U i ] ] ] ] ] ] | ] | ] |
e .L O Simulation | T 30 @ Simulation |
IEI - || Simulation+DWC resolution . é : - Simulation+DWG resolution s :
__g I 2Indf=1.8, a=5.4 GeV°mm, b=0.49 mm ] CC) i ¥?/ndf=0.9, k=300.7 GeV, £=71.1 GeV '05 |
= i uncertainty, Aa=0.1 GeV>’mm, Ab=0.01 mm ) = 00 __ uncertainty, Ak=13.5 GeV, AE=0.9 GeV __
9 2r - 5 n e n Data ]
% i ata - @) ) 05
;3 I v?/ndf=5.0, a=6.7 GeV"*°’mm, b=0.35 mm | @ I x/ndf=3.2, k=433.2 GeV, £=67.0 GeV os |
S - uncertainty, Aa=0.1 GeVO'Smm, Ab=0.02 mm . — - uncertainty, Ak=12.0 GeV, A5=1.0 GeV ]
c 1 — SO 10 |- -
0O L ] g) . _
% - O @ ® e, o . . ] % [ Beam angle: —— — =
8_ - Beam angle: ~ 12 mrad | o @ @ O - ~ 12 mrad I | ]

O Y Y Y Y Y 1 | | | | | | O | | | | | | | | | | | |
0 100 200 Eeam [G eV] 0 100 200 Eteam [G eV]
= Positioning resolution—> 0.6 mm. = Angular resolution—> 5 mrad.
= The HGCAL prototype is suitable for particle flow: Very good. ‘
% RWNTH
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https://iopscience.iop.org/article/10.1088/1748-0221/13/10/P10023

HAD showers: Shower start identification - e reconstruction 24

HAD: Shower start depth

October 2018 (config 1) run 517 - event 1

Use longitudinal segmentation to identify shower start depth. beam setting: 250 GeV/c

Shower start := significant increase in energy density. :
. i

> Exponential decay function. o B

» An~ 1.17 An, consistent with passive material properties.

HGCAL private work 300 GeV/c =/, CERN H2, October 2018
_._ ! ! ! ! | ! ! ! ! ! ! ! ! | ! ! ! ! | ! ! ! ! I ]

0 : 1. : =  Simulation ]

x2Indf=11.8, A, =1.18 A_

uncertainty, AL =0.01 A

October 2018 (config 1) run 517 - event 2
beam setting: 250 GeV/c Tt
¥2/ndf=10.5, A, =1.17 A

0.06}- i uncertainty, Ak_=0.00 A, |

m Data

dN/AM, (normalised)
o
T
~
|

o

o

o
!
N
I

0.04:—
0.02:—
O_ "
0 A \ R 0.5 MIP 5 MIP 50 MIP 500 MIP
Hit energy scalé: | _ | |
= Shower start ID: Good.
% | RWTH G
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HAD: Advanced shower reconstruction

a) Different sampler configurations in EE and FH.

- Compartment weights wee and wrw.

b) Non-compensation: h/e < 1.

* Treat hadronic and electromagnetic constituents differently:

Weights ¢(x).

* X := energy density as a proxy. Relies on granularity.

= “Software compensation”

Esw := Wee X [2Zee Ei X ®(E/Etot)]+ WFH X [ZFH Ei X D(Ei/Etot)]

HGCAL private work 7, Simulation, CERN H2, October 2018
=] | | | | | I | | | .
1.4 — -
= = Granularity - -
X 0 compensation: -
_e_ .
‘ W Good.
1 I e
i ¢:= step-function
0.8 -
0.6 B
0.4 |
- h-component < >
I I I I I I I I I I
0-0.1...-0.15...-03 ...-06 ...-0.8 ...-1.0 ...-1.2 ...-1.5 ...-2.0 ...-3.0 =3.0
Local energy density: x=E; / Etot [%]
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_ HGCAL private work | | | | __SW compensation, ', CERN H2, October 2018
% 300 B ] Simulation ShOin\:eé EStart l'
: : v2/ndf=31.3, b=-5.9 GeV, m=1.043 :
LI%) B Ab=0.0 GeV, Am=0.001 .
= 200 B -
00 L Data i
- 2indf=1.0, b=-1.1 GeV, m=1.030 -
- Ab=0.1 GeV, Am=0.003 7
/ 0 _ | | ' | ' ' ' ' I

/ 0 100 200 Etcarn [GeV]
=|inearity:= s _HGC/IIL Zi\r/‘late work I SW ccl)mpeng,ation,ln', CERN H2, October 2018

S . .

“(ESW) VS. é E Oivr\:eEr:tart [] Simulation II;:[Ingce)?n;Iazlretrgfent. I
-%Z:mc;lu tion:— E) 40 _ »2/Indf=1.8, S=120 GeV°®, C=8.3 _
5 /|J (ESW) VS :i - uncertainty, AS=2 GeV°°, AC=0.2 ]
Ebeam. \ O a0 N | Data B
~ ¥2/ndf=0.8, S=111 GeV°?, C=9.9
20 = uncertainty, AS=2 GeV°®°, AC=0.2 7
0 |- e
I [ T S T S R S SR S R

0 100 200 Ebeam [GeV]

HAD showers: Energy reconstruction

25

= Linear response: Good.

= HAD resolution as simulated: Good.
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@ 5. Fast Generative Modelling of Calorimeter Data 26

» 11. “Fast Generative Modelling of Electromagnetic Calorimeter Showers”

Calorimeter data
‘ Machine \

‘
>
0.5 MIP 5MIP 50 MIP 500 MIP
Hit energy scale: | _ |
% o, | RNTH G
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@ TOW& rd S faSte r SI m U I at I O n - Wasserstein Generative Adversarial Networks - Proof-of-concept - Application to 2018 test beam prototype 2 7

State-of-the-art: GEANT4

» Sequential simulation of shower particles and their

iInteraction with material.
 Physics lists: High accuracy achievable (+).

90 GeV e vl b T W |

GEANT4 private work e, GEANT4 standalone simulation

—_—

(9]

........................................................................................................................................................

......................................................................

- O(s) to O(min) é 5
- - time ~ shower energy "> s ........................ ...........

.........................................................................................................................................................

........................................................................................................................................................

—

.......................................................................................................................................................

Simulation time per shower [s]

o

20 100 150 200 250 300
Electron energy [GeV]
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Deep Learning

- Shower simulation = evaluation of a powerful NN.

labels:

energy, impact Generator
)

G ik LR
7\%@& —N h}}\*“,*x
\

Deep neural network
= Function, O(10%) parameters

generated showers

>

+ O(ms)
+ time = const.

>
Shower energy

RWTH

Simulation time per shower [ms]
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@Wasserstein Generative Adversarial Networks -eooot.corcept - sppication to 2018 tosteam .~ 28

Generator accuracy through adversarial training:

Key metric: Wasserstein (EM) distance real vs. generated images.

(A
E (P) \4 real showers
2X > TETTTTTITTE > Lreal,i | | H
é%b; minimise - 4 l . o Loss monitoring during the training
S — -"‘.w:, 8
IL(eali-Ltake,il i M' '
Ltake,i "[[reali~Lfake, after epoch 150:
T :minimise epoch 0: Oh » ~30h

B

C )
labels: [ DT [ c|
, : minimise
energy, impact V generated g %A :

o\ |(“fake”) showers

G

._,.®> : h}\‘“*ﬁ-
\_ Y,

(critic trained 10x more
frequently than the generator)

4~
v

Closs [a.u.]

0

v -10

Wasserstein C
loss

gradient penalty [x5]

distance -0

maximise
|
w
o
"I'I'I'I'I'I'I'I'R|||||||||||||ITI'I'I'

A inNimi . . . . . L . . . . L . . . . L . . . . L . X 3
b ernnsssernnes MINIMISE. e H 0 50 100 150 200 "
Energy N training step
Generator Critic = Critic loss (~EM distance) —> 0: Good.

Position

Deployed training scheme with 4 networks:

- EM distance approximated by critic network.

« EM distance minimised by generator network.
» Critic regularisation with gradient penalty.

- Label conditioning with 2 regressors networks.

RWTH

O
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@ P rO Of_ Of_ CO n Ce pt - Application to 2018 test beam prototype 29

"Precise simulation of electromagnetic calorimeter showers using a Wasserstein Generative Adversarial Network"
Published: Comput Softw Big Sci (2019) 3: 4

= Average event display: Good.
6.0 Xo

~
o

cell occupancy [%] cell occupancy [%]

“Real data” = simulated 7-layer EE prototype from 2017. _ _
B P
= WGAN vs. GEANT4 "’

> O(1000x) faster

> showers similar

> labels respected

> X low-energy density

|
ol

GEANTA4
. N
.-. .-
ﬁl '
E =I: :

70

10

WGAN
—

—h

= Observables: Good. x Cell occupancy

. ' L N\ [ ] — F — ¢ ' ' ' 1 T GEANT4,32GeVe
S - —— GEANT4, 20 GeV e ¢ WGAN,20GeVe - C 1 s B
o, 0.3 .‘ —— GEANT4, 32 GeV & ¢ WGAN,32GeVe | g - 1 © - ¢ —— GEANT4,70 GeV e
— B —— GEANT4, 50 GeV & ¢ WGAN,50GeVe | > 45 — —qH = 0.15 - — GEANT4, 90 GeV &
% i |~ GEANT4,70Geve ¢ WGAN,70GeVe | g :4- i % : - ¢ WGAN,32GeVe
~ _ —— GEANT4, 80 GeV e ¢ WGAN, 80 GeVe i — B i = WGAN. 70 GeV &
Z 0ok —— GEANT4,90GeVe ¢ WGAN,90GeVe | 3= 4 = -9 - £ - ¢ ¢  (mEete
O T |l [ 1 © - ¢ WGAN,90GeV e
z | 1 35 - M z 01F
1: B 7 S 35 _ Lo Geant4, 32 GeV e - --Q-.Q. ] 1: ~ -
0.1 __ __ G;) B Geant4, 70 GeV e A ~ i ]
AT | o 3 - Geant4, 90 GeV e ] 0.05 - —
u - i - ¢ WGAN, 32GeVe - B -
i 1 D - ¢ WGAN, 70 GeV e § - :
0 - 1 V o5[L N 0 WGAN, 90 GeV & g 0 _ | | | | §
20 40 60 80 1000 2000 3000 50 100 150
Epnn [GeV] Esum, an [MIPS] Nhits
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https://arxiv.org/abs/1807.01954

w=» Application to 2018 test beam prototype 30

Generative modelling of real test beam data

Developed WGAN training scheme re-applied...
* ... on 28-layer EE prototype and ...
» ... with real shower data.

» Works! » Data vs. GEANT4 vs. WGAN
= Geometry-agnostic approach. = Evidence: WGAN > GEANTA4.
HGCAL private work 150 GeV %J’, EE-only, CERN H2, October 2018
— S I L AL L 1. J L L E L L A R R
c:é i ¢ Beam test data -
‘;‘ — GEANTH4 -
O ——— WGAN fast simulation -
=
<
WGAN - Fast Simulation ~ 107 ¢
150 GeV e+
1073 =
v S : il _
10_4-_11|r|I.T..|....|... T
i 0.7 0.8 0.9 1 1.1
A Y [indexes]
0.5 MIP 5 MIP 50 MIP 500 MIP
Hit energy scale: | ] | Transverse shower spread.
% | RWTH G
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ﬁ Conclusions 31

Prototype Testing in Particle Beam

> Test results in agreement with
HGCAL design:

" CMS HGCAL
a) Modules are functional. . Upgrade Planning,

v Proper detection of MIPs.
v Energy calibration in-situ.
v Timing capabilities.

Generative Modelling of HGCAL Data

~ Wasserstein distance suitable for
generative modelling of calorimeter data.
HGCAL studied as one example.

b) Performance as expected.
v Longitudinal shower evolution.

v Energy linearity & resolution.
v Positioning capabilities for Particle
Flow. > Generated showers mostly appear to be

v Granularity helpful. well-modelled.

> Orders of magnitude speed-up.

Now
Thorben Quast | PhD Defense Presentation, 28/05/2020 . Physicalisches
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.7, Questions -

p (200 GeV) ‘B It (250 GeV) CE-H(Si

' \ !
) , \ "
\
. ’
’ ! :
\ \
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'
Y
CE-E &
'
Y “ :
“n"
4 Y
.l‘l' \
Lt
.."Q:\‘J '
"W N

e (1 50 GeV) CE-H(Si)

Y ; - \' R
\ {
Hit eneray Scaloe.:5 ||\/|IP_5 |l\/IIP 50 MIP 500 MIP
% | RWTH 7
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@ Shower topologies 33

Charged particles

- lonisation (Bethe-Bloch) and multiple scattering.
* Minimum ionising for By = 3 and E<Ecrit: dE/dX = O(1 MeV cm?/qg).

MIPs
=

Particle showers

e+/- o
« Bremsstrahlung dominant loss above O(50 MeV): et-—> et/-y. "'q:,
* Positron annihilation: ete- —> vy y. CCD
Y e > S 1A
* Photo effect and Compton scattering for E < O(1 MeV) O = 100 GeV il
: = i
» Pair production dominant for high energies. g
- EM showers: Compact. Scale: Xo. o
Hadrons
* Nuclear reactions with target material and de-excitation processes. g .
- Only phenomenological descriptions available. O 9,: 19
. oS 100 GeV
- HAD showers: Scale = An > Xo. Sparser, wider, deeper than EM showers. f__U
* Tio—> VY V. EM component in hadronic showers.
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B Noise & MIP signals

Noise

Noise from signal-free pedestal distributions.

> Total noise below 30 HG ADC counts.

»Common mode noise can be subtracted for each event

—> noise reduction.
> Corrected noise ~ gaussian.
»|_evel below 10 HG ADC.

Signals by minimum ionising particles

MIP = smallest relevant energy deposit

> Detectable in both gains.

>1 MIP ~ 45 HG ADC counts.
> MIP signal independent on energy for 3y>100.
» Scales with applied bias voltage.

HGCAL private work  Run 387 (120 GeV/c u), CERN H2, June 2018
'a v
T R S
8 | W uncorrected, BMS |
o 3 corrected, RMS YR e
Q (O  corrected, gaussian fit |
Q u
< ST OO OO T OO SO T N AN OO0 OO FOO OVOL OOUR VO IO ST AL Wl \ A
& A
O|_ v A
o m N L -
b T [ () o — TS | ST LT TTIITT T Ty - ...................... . ...................... Y. . .......... —
g ...... iv.i ............................................................. ) AT TR vy Wi
= v !_____ﬁf_...ﬁlff;fﬁf-"f}fffﬁﬁfﬁfﬁﬁfffii"Iiif!fffféﬁ”"f!ff,ffCjﬁéﬁ_n_fgﬁéﬁf]fff:f
GJ .............................................. edrrcnaprorcfernongene e aguereaen
S daee®alaete o3batesomTeey T
o 0 LA AAAAAAA A‘AA ......................................
c
(- P T
= N
e))
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=2
I
1 T s e R LS —
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NOYOO OONOD 0OMWO NWOW OMNO OO NI 000 OO DN
Module

HGCAL private work V,...=200V, DESY T21, March 2018
! ! ! | ! ! ! ! ! ! | ! | ! ! ! | ! ! ! |

bials :

= I
© .
2 3.0 GeV/c e :44.7 +/- 0.2 HG ADC counts/MIP
T 0141 4.8 GeV/c e: 45.2 +/- 0.2 HG ADC counts/MIP 7
% 6.0 GeV/c e 44.8 +/- 0.2 HG ADC counts/MIP -
£ 0.12F |
O]
I o
<
S 0.1 -
> Module 53
© . Chip 0, Channel 24 |
0.08- .
I 300um sensor I
0.06
0.04F
0.02:—
N S S R s

AE'G (Reconstructed high gain) [ADC counts]

O 1 1 1 20 | | | 40 | | | 60 | | | 80 | | | 100 | | | 120

= Noise: Good.
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= MIP signals expected: Good.
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:ﬁ; Energy calibration validation 35

v Gain linearisation. N HIGC;|4L plrivalte W.0rk. 25(|) G(?V/cln', I.EE'C.mly’| CEBN I._IZ’ IOctcl)ber|201l8
v Scale calibration with MIPs. g, 107 £ E
Z'_E
Hit energy spectrum: Data vs. simulation o \\\
X
* 6 interesting ranges: MIPs —> TOT. z —
» Allows for tuning of keV/MIP in simulation. -

keV x

. _ 1(0.04
Sim: 1MIP =10"""x 85.53OOMm

Data

> I - MIP signal: good.

> Il - High gain usage: good.

> Il - HG/LG transition: no discontinuity = good.
~ [V - Low gain usage: good. 10° £ E
V- LG/TOT transition: ok. -t

VI - TOT usage: good. ’ 1 Iogm(zE), E = Hit enerQVS[MIPI

= Energy calibration of EE and FH: Reasonable.

RWTH

O

Thorben Quast | PhD Defense Presentation, 28/05/2020 \% . Physicalisches



e/nt separation

Granularity for sophisticated task beyond classic calorimetry?

Shower “image” = input to convolutional neural network (CNN).
* Devsn(€) —> 0, Devsn(rt) —> 1. Training on simulated data.

> As expected: CNN-discriminator correlated to shower start.
> Proof-of-principle demonstrated on test beam data.

” HGCAL private work 150 GeV/c e’, CERN H2, October 2018

-IE I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

: 10°F I Nyyons(D, . ,50.99)=38689 —>e E
Z = NyeoD, | ,>0.99)=3866  — 11

1035_ —E

| Niits, e=60 I

0 2000 4000 6000 8000 10000 12000

Eee [MIP]

= Granularity exploitable for e/ttt separation: Good.
= Machine learning a suitable tool.
Thorben Quast | PhD Defense Presentation, 28/05/2020

Machine learning-based e/mt separation

October 2018 (config 1) run 664 - event 2
beam setting: 200 GeV/c e+

Pl= Layer 1 .

FH

(not input to classifier)

36

De vs. M, 1 — 0.00611
De vVs. M, 2 — 0.00810

October 2018 (config 1) run 664 - event 2363
beam setting: 200 GeV/c e+

Pl= Layer 1 ¥y o
¢

FH

(not input to classifier)

— De vVs. T, 3 — 0.01577
= electron-like

De vs. T, 1 — 0.99993
De VS. T, 2 — 0.99998

0.5 MIP 5 MIP

Hit energy scale: | _|

-

50 MIP
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— De vVs. T, 3 — 0.99984

500 MIP | == pion-like
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