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only 86 collisions/bunch...

The High Luminosity Challenges ,,g S

Run / Event !LE 7 f 55"‘."'11?? 67

e ~4Ax more luminosity than the LHC (up to ~7.5 x 1034 cm?/s)
e Up to 200 collisions per bunch crossing (1.6 vertices/mm)
e Harsh radiation environment (up to 10" neqg/cm?)
e Enables full program of Precision and BSM Physics
e Requires significant detectors upgrades
e Challenging to maintain current trigger thresholds

. HL-LHC
.

HL-LHC Timeline Now

LHC

Runi | | Run 2 | Run 4 -5..
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High Granularity Calorimeter (HGCAL)

e Position, energy, timing (down to ~30ps): 5D imaging!
e 620 m? silicon, 26K modules, 6M channels
e 370 m? scintillator, 3.7K boards, 240K channels

e Higher granularity boosts particle flow reconstruction
e tracking with the calorimeter!

e Processes 300Tb per second

|
|
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Trigger Primitives’ Data Flow
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https://indico.jlab.org/event/459/contributions/11386/

HGCROC

PLL Decoded clock40M
(phase-locked i - Fast commands
Internal o - ~ comm. port

IOOP) Fast commands

« HGCROC: Front-end read-out ASIC @ 40MHz, Data

Dath o e Dagpsti I Y L Redoutpan
outputs 1.28 Gb/s w/ 12.5us latency! ‘@* - ; a3
{} o 101 ool e St oo 70 (Yo e
Sum channels into Trigger Cells (TCs) _ ron - G " 2xData
o charge/energy linearization .

e compression to 7-bit floating point T BT
Linearization Compression

o starting point of L1 trigger primitives

............ 4x Trigger
link

Slow control
Calbration DAC ( Bandgap w co:nn port
injection ToT/ToA Voltage 2C
thresholds k References J Slow control path

I12C (inter-integrated circuit)

(4 or9)




HGCROC

PLL _ Decoded clock40M
I I G C R O C + E( :( ) Iq - I (phase-locked i . Fastcommpanﬂds
nternal g -~ comm. po

|°°p) Fast commands

« HGCROC: Front-end read-out ASIC @ 40MHz, Datal™ = DA ] O\ T Resdowpan |
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outputs 1.28 Gb/s w/ 12.5us latency! R e _
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manager % + CRC ‘I>:

Sum channels into Trigger Cells (TCs)
o charge/energy linearization

2x Data

e T0A RAMI

azZz—~2Z > o

» compression to 7-bit floating point L
Linearization Compression

(4 or9)

o starting point of L1 trigger primitives

Rsssscessesss: 4x Trigger
link
. DAC Bandgap Slow control
e ECON-T: concentrates HGCROC data w/ dedicated I ToT/ToA [ ki } — comm. por
selection and aggregation algorithms 12C (inter-integrated cirouit)
e Timing cannot be used due to bandwidth constraints
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Sort and truncate TCs in firmware sort each bin independently

e TCs routed to bins

e 2(d)x42(R/z) bins per 120° sector

e Energy sorting with the batcher
odd-even sorting network

e On-the-fly truncation, fixed
output bin size
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® Empty bin

Seeding...

E_.\.Trigger Cells

Se‘eding window

(here capturing
1st order neighbours)

e Finds local maxima: seeds .

 Seeds must also pass a p; B
threshold selection

e Every seed creates a cluster




Seeding...

..® Empty bin

o Finds local maxima: seeds @ Trigaer Cells
e Seeds must also pass a p+ 99
threshold selection @

Seeding window
(here capturing
1st order neighbours)

e Every seed creates a cluster

... but splitting

e Non-homogeneous distribution of TCs into bins
e some bins have few cells, esp. close to the beam pipe
e unphysical cluster splits!
o Study w/ single OPU unconverted photon gun; 1.7<|n|<2.8

colbr: seed indexes color: energy density

90
Gen Particle Position

& CMSSW Cluster Position

Full endca
RizEa e

80

70

60
50

40
30

20

42 bins

216 bins

10

Energy [mipPt]

Energy [mipPt]

i
0.2

&.

luster split!
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“ByeSplits” Iterative Algorithm

o Optimizes the mapping of TCs to seeding bins,
avoiding cluster splits
e reduces variance of number of TCs/bin along ¢
e The algorithm does not run on firmware
e its output can be encoded as a TC-to-bin Lookup
table (LUT)

11




“ByeSplits” Iterative Algorithm

o Optimizes the mapping of TCs to seeding bins,
avoiding cluster splits
e reduces variance of number of TCs/bin along ¢
e The algorithm does not run on firmware
e Its output can be encoded as a TC-to-bin LUT

Ccounts




Calculate differences Dyight = C5 — O

“ByeSplits” Iterative Algorithm
Dleft — 02 — Ol
o Optimizes the mapping of TCs to seeding bins,
avoiding cluster splits
e reduces variance of number of TCs/bin along ¢
e The algorithm does not run on firmware

e Its output can be encoded as a TC-to-bin LUT

On which side should the TC shift be performed?

draw pseudo-random number x from uniform distribution

size 3 sliding ) )
‘SR

window

Ccounts

Stopping criterion
tunable parameter

must be true for all bins i O=<A=T

X (‘D?eft,i ?ight,i

for bin | 13

stabilisation for small A




Calculate differences

“ByeSplits” Iterative Algorithm

o Optimizes the mapping of TCs to seeding bins,
avoiding cluster splits
e reduces variance of number of TCs/bin along ¢
e The algorithm does not run on firmware
e Its output can be encoded as a TC-to-bin LUT

On which side should the TC shift be performed?

draw pseudo-random number x from uniform distribution
if x ~ Z/{(O: 1) o Dleft/|Dleft -+ Dright‘

Side = <= .
otherwise

&

TCs before the algorithm
TCs after the algorithm w/ aggressive A~0*

How to move TCs for the 4 high/low combinations?

Stopping criterion

tunable parameter
must be true for all bins i O=A=1

X (|D?eft,i ?ight,i

for bln/14

stabilisation for small A




[ ] [ ]
Energy Density (before smoothing, before algo, phi seeding window = 1) t h e s p I It Is g O n e !

0-2‘;' Bi n s b efo re t h e a I g o rit h m !en Particle Position ’

. 700
& CMSSW Cluster Position

600
0.16
500
L] 400
"
& 300
Q
= 200
>
g 100
I

Energy Density (before smoothing, after algo, , phi seeding window = 1)

| Bins after the algorithm

. - 700

# Gen Particle Position 850
& Custom Cluster Position . 600
550

500
450
400
350
300
250
200
150

100
50

Energy [mipPt]

Momentum Response

pT,Reco/pT,Gen

custom @-----
reconstruction

w/ iterative algo

Position Resolution
cIDReco_(I)Genr NReco Naen

Note: resolutions showed

4

Eta Resolution: RecoEta - GenEta

N
X
— CMSSW
S

—— Custom

JRREETHP original reconstruction,
no iterative algo

better position resolution,
_ @ despite moving TCs!

for events with split clusters only
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Momentum Response

Other split-removal methods Pr.acol Pr.cor

. - ol
e Add “2nd order neighbors” in the seeding : . - . . .

e seeding window extended along ¢
e more FPGA resources required!

 Modify the smoothing kernel along ¢
e very similar results to method above
e no additional resources!

18 ¢ 1/4 y 1/2y 1 §1/2)1/4]) 1/8

—>

— _|=]
S
- __

1 — cmMmssw

‘ —— Custom

Energy Resolution: RecoPt/GenPt

larger seeding window
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Momentum Response [Energy Resolution: RecoPt/GenPt
] larger seeding window

Other split-removal methods PrrecolProen| 74 —ovean
R/z

o Add “2nd order neighbors” in the seeding
e seeding window extended along ¢
e more FPGA resources required!

 Modify the smoothing kernel along ¢
e very similar results to method above
e no additional resources!

118 .. DEWKeMel . 1a

8 §1/4 y 1/2) 1 | 1/2 ) 1/4

. Clustering
Clustering _@ radius
e Associates TCs to seeds and calculates

cluster properties

e Energy, position, ...

e Used for the previous resolution studies! .

o Uses different projective coordinates ‘

e X/z,VY/Z
e Two algorithms currently defined

® Algo #2:
Energy prioritization

Algo
Minimum distance

17




Use detector coordinates
NoR directly
(LR

Conclusions & Next Steps o 0
2e00202easa2ads

ooavebebedeTen
Beavaws e TaTeDnd,

e HGCAL is a very significant CMS upgrade for the HL-LHC

. .2 . . otededo”. - cladele
« HGCAL trigger primitives for the L1 trigger are the final . G S8g8a2aey
product of a complex processing chain 22208080 Sg8a8ata
e robust on- and off-detector electronics 83002680 celaatoly

@@@@@@ﬂ&
BH@@@@@
OmOmD O B W

e resource-constrained algorithms perform
computations on multiple ASICs and FPGAs
e A complete reconstruction chain is available in
simulation, from hits to cluster-related variables
e algos implemented in firmware, optimization on-going

Can we do better? Yes! Current work:

e Explore more detector-like coordinate systems to
remove TC-bins routing complexity

e Focus on specific regions in the detector to
further decrease the amount of data processed

e Assess the performance of new algorithms with
200PU

e Develop 2D and 3D event displays for quick
Inspection

18
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https://indico.cern.ch/event/1258044/timetable/?view=standard#21-current-studies-on-the-cms
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Module properties

Kapton Coated F

hield *
Cuw baseplate *

Module structure

w/ 6 HGCROCs

cintillator tiles w/ SiPM
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HGCROC

Digitise collected charge:
e <~100fC: 10bit ADC

e Front-end read-out ASIC @ 40MHz, outputs 1.28 Gb/s w/ 12.5us latency!

_..--® Low noise (<2500 electrons) and high dynamic range (0.2fC-10pC)
e Fast shaping time: <20% of the signal in other bunch crossings

e Timing information (ToA) down to 25ps

e Low power consumption: less than 20mW per channel

e Radiation tolerance: 200Mrad

e >~100fC: 12bit TDC ToT (up to 200ns)

Channels:
e /2 for energy and
time measurements @---._
e 2 for calibration
e 4 common mode

Sum channels into Trigger Cells (TCs) @.

e charge linearization

e compression to 7-bit floating point .

e input to L1 trigger primitives

O E L E— —
Trigger - \( | Digital
(&
Path :
(4 or 9)
tomrer || [ ] [0 [ e
% Infegrated injection teholds J t e

Decoded clock40M

-
Fast commands

Fast commands
comm. port

v

L1 ﬁ\
decoding

Readout path

Latency TOT

encoding

1\
—
L { manager

Z—ZZ » T

-
»!

Circular
Buffer

RAMI

Data
readout
manager

+ CRC

pae

7 bits
Truncation
Compression

phae

4x Trigger
link

Slow control
comm. port

circuit)

J Slow control path

12C
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HGCROC Charge Linearization

- —— Chosen transfer function
- ===- Alternative
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50 100 150 200 250
Input charge [fC]

Time over
Threshold
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ECON-T

e Frontend chip: concentrates data w/ dedicated algorithms
o Selects or compresses HGCROC trigger data for transmission off-detector

'Selects TCs above an energy threshold!

.-® ¢ Variable data size

.* 1 e Buffer to average output rate

' I =n = B EE B B B BN B B BN B B B B B B B B B B B S B O .

One full
module

Algorithms

One full

Threshold

module

Best Choice

Selects N TCs with the highest energy

e Fixed data size
e Currently used

Super TCs

*. ''Sums TCs for further data reduction
® . Keep location of highest energy TC in STC
e Currently used for CE-H

I mu o EE B B B B B B B B B B B S S B S S O B S B S O S B B S e e . Y

for CE-E
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Frontend architecture

e ECON-T: frontend concentrator chip for trigger
path, concentrates trigger data via one of 4
trigger algorithms

e ECON-D: frontend concentrator chip for DAQ

: credit to N. Strobbe
path, performs channel alignment and zero H H_ _____________________________
suppression after L1 Accept | — Ergine |
o Rafael: clock and fast control fanout f T t I : _ _
o IpGBT: for sending/receiving data/clk/control S N— T l . 0 e Deer 7 RanneSind i
signals via optical link (and VTRX+) ]l el | .

FPGA ECON-T

|
________________ : Passive Wagon board is
Clock (32b MH2) : connected to 1 —3 Modules
|
|

Fast Conftyol (320 MHz)}

HGCROC and ECON are
custom for this project, all
other chips and components

. Concentrator

y Mezzanine

E BN BN BN BN BN BN BN B B BN BN BN B B B B B o mm o mm ool - - . . . . - - - . . L . - - HEY

are common developments!

Test setup .




Hardware / Mechanical Components

e 60 degree symmetry for the cassettes
e Wagons are passive boards (many shapes and lengths)
e Engine is always the same and supports up to 6 LD (3 HD) modules

Deported DC/DC
module

- ‘ .- -.' . -

HGCROC

LD gp ..
_~ ~"Gine V3 Engine

Deported

-

module

Deported
DC/DC
module

Module (Si sensor + hexaboard)

HD wagon HD Module

——
DCDC-Mezzanine Chanmel 9 LD-WagonBoard - :
Electronics
gap: 5.1mm § 1 T | — e &
Sensor 4
Kapton /’

DCDC-Mezzanine

~

Pb

HexBoard

o

Cooling
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Stage 1 Stage 2

" LI ——— —_— — - _— 1 i :
o —- — ' = — P
F ‘| — — — || 721inks | — L I P
: I  — —_— = - m — L = L L]
rontend mappingto == —sE =15 M) — »
L] | e S — e :.bm S “ — L] W
L] ] ’ ) . : .
. - 120 degree sector 120 degree region ' .

' 1
Backend T e e = |
E : —— P —— e N - —_— S ————— : :
B D —— — - | L = | : :
=== e S [ e=e—e =
L = -1 ] il | i
(] i "mlhk + l' l-I L] - i
- % E — ! e — = 21 custom | e - [ | ——! F
L] [ | — — ' hhﬂ - -~ '._. 2"“"*' - -
PR — — — e — — ——: §!
B ; ) pr— 1B CUSIOM  — '
. - 1 h el 120 degree seclor 120 degree region abl . .
: : paich pan 14 baards 18 boards —— ' :
;] S
3 | — —— . a :
: i — I_'q adl [ : — : Ll
' P —- | ~ || 72 links ‘ — . .
i - - ] i
: o | 1680 links ' .
. R — = 21 custom . 3
-  ee— cables - '
P R | AR

1 patch panel
~B000 links 5040 links 42 boards 4536 links 54 boards 432 links
45 Thit/'s 4 crates, 2 racks 70 Thit's b crates, 3 racks 7 Thit's

Serenity board prototype

Layer 9 - FPGA mapping

Mapping of modules

to FPGAs in a 120° sector
(stochastic Hill Climbing algorithm)




Backend Stage1

Hexagonal Trigger Bins: 3D Sorting and TC address
detector Cell regions of truncation networks expansion
modules energies the detector 4 N =

7 LR
» - > :
> > | 0111001010 | oy
—E .f/::\J > @ 0110011111
> N % y 0111100010,
>
> E < (. )
3 > > >
> - ; > ; 1110101010
= > < » | 0000010113
! 0 010
S > > N\ / 1001101010
»
—> cn (. ) )
< = > >
e
> = —3 3 > | ooo1110010 :
o § > »> 0111100010
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o . J
o °
L
®
® 4 N
— EELE
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; ‘\h_}/’ > i > 10001000101 —)
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~12000 TC R4 Bins
(48 / module)

credits: F. Beaujean et al.



https://iopscience.iop.org/article/10.1088/1748-0221/17/03/C03029/pdf

Sorting networks (Stage1)

(a)
b6 66 66 66 66 66 3 37 37 37 37 37 37

Bubble

N

o6 182 80 ISO 30 I80 37 I66 66 166 40 I4O 40 I4O

82 — —
20 80 IQ 82 Isz 37 I&) 80 Iso 40 166 66 Iss 66
100 102 1021102 37 IQ 82 Isz @Iso 80 Iso 80 80
1 37 37 37 I@ 102 I1oz 40 Isz 82 Isz 82 82 82
138 138 138 138 1381138 40 102 1ozI1oz 102 102 102 102
10 40 40 40 40 40 I& 138 1138 138 138 138 138 138
150 150 150 150 150 150 IlSO 150 150 150 150 150 150
150
. . sorted
Even-odd transition
(c)
66 66 37 37
66
Isz Iso 37 Iee I4o
82
I82 371 I I
I1oz 37 182 40 I& 30 Igo
I102 401 I I
138 Il38 40 I1oz 1021102 1ozI1oz 102
I138 138 138 138 138 138 138
I150 150I150 150I150 150 150 150
150
sorted

credits: |. Skliarova

Even-odd merge

(b)
66 66 37 37 37
66 I ® * =
82 382 80 40 40 40
82 ’ 1
80 [ 82 82 66 |66
L — ¢ $
102 IlOZ .102 102 .102 o 80 80
37 37 66 || 82 182
I ® ® ®
1 1 4 80 102 102
138— 38 | 138,40 11180 [102
40)138 []138 138 [138

40 I o
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150 ® ®

. . sorted T
Bitonic merge

(d)

66 I66 . 66 I66 ., 66 T _013_
82 82 | 80 |8 | 80 T 37| 40
20 80 |82 _82 || 40 l 66
102 I102 102 | 102 37 l 80 I

[

37 37 _ 37 37 I102 102 82
138 Il38 40 |40 ||| IlOZ
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150 I150.150 150 | 150 1501150

sorted T
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https://www.mdpi.com/2079-9292/11/7/1029/htm#

HGCAL TPG as part of the L1 trigger

Calorimeter trigger

Global Calorimeter
Trigger

Muon trigger Track trigger

N

Correlator Trigger
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Cluster Splitting: Resolutions

« “ByeSplits” algorithm:

Ratio of split clusters

Phi Resolution: RecoPhi - GenPhi

Eta Resolution: RecoEta - GenEta

Note: resolutions showed
for events with split clusters only

°
§ °
0.9 4 ° 40 4 — CMSSW *71 _ cmssw 1
° ]
0.8 —E ° ] — Custom 30 —— Custom
° 30 T 25
0.7 4 ® _ 20 _L
] ° 207 [ ] 15 lF{
0.6 7 -
] ¢ — CMSSW : 10
§ 10 |
hE ) o : __II 5 fﬁc—fﬂzﬁ t[l_—lfhj_&
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0 0.2 0.4 0.6 0.8 ! " 003 002 0o o0 o0of o002 o003 ~0.02 ~0.01 0 0.01
Algorithm tunable parameter MReco — T]Ge
" o " o [ )
e Add “2nd order neighbors” in the seeding:
Phi Resolution: RecoPhi - GenPhi " Eta Resolution: RecoEta - GenEta
70 & = -
: — CMSSW — CMSSW
60 — i
. —— Custom 30 4+ Custom
50 — ]
03 i
. 20
. ' il
20 3 - B
0 . 10 ¢ — |—
10 —: ’_I_Lljr
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gb _ CbG -0.015 —-0.01 -0.005 0 0.005 0.01 0.015
Reco = TIReco — 7"]Gen
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ByeSplits algorithm: TC arc distance moved along ¢

: , _ - @ fraction of TCs that moved
total number of TCs in a R/z slice ===

-

-
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(there are 42 slices in total)

Trigger cell index
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Software developments

e The reconstruction chain of the HGCAL TPGs was fully ported to Python. This enables:
e quick prototyping of new ideas
e quick testing of those ideas
e easy parameter optimization studies
e conveniently debug the original chain

e A simplified version of the HGCAL geometry was developed in Python. Benefits:
e event displays
e debugging the original geometry (some bugs already found!)

e The two above, when used together, make possible the visualization of specific events after
running custom algorithm, for real-time inspection

e The framework is available here.
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https://github.com/bfonta/bye_splits

HGCAL Physics Motivation

e Extend Particle Flow measurements from the tracker into the calorimeter
@ Subtract pileup energy leading to a good energy resolution even w/ high pileup

;e good time resolution is essential
boosted object reconstruction performance

from VBS.

energies) will lead to an EM resolution similar to the current one

v

0

|

3
L

|
L]T]FII[[!
.": ao “.
R —

10

_l-J'-u =
N -

'l.

o
ITW'-

1

Jllllllﬂi.‘.' . o,
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L]

4 J 1 VBF
i jet

10 -2.9

- ‘ ;

&
T]ll

16 18 2 22 24 26 28 3 16 18

VBF H->vy, Hits from all layers projected to the same depth

Ty

e Merged jets can be reconstructed with higher efficiency and better energy resolution improving the
e The high lateral granularity allows tagging of narrow jets originating from VBF-produced Higgses and jets

o High granularity also allows efficient e/y reconstruction/PID in the forward region w/ pileup
« Small expected energy resolution constant term (typically dominates the energy resolution at high

pical jet:

~ 62% charged particles
~ 2/% photons

~ 10% neutral hadrons

~ 1% neutrinos
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3D Event Displays which originated cluster splits (OPU photons)

color: energy density

this one really has
two “peaks”!

color: energy density

most

showers are

standard,

where the

split clearly &

Is artificial color: seed indexes

color: seed indexes
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Event Displays for 200PU single pion guns
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