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LHC Upgrade Schedule

Near the HL-LHC beamline: high radiation environment
After 3000 fbt, up to 150 Mrad in EE, up to 30 Mrad in HE
— need new, radiation-hard endcap calorimeter technology
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The High Granularity Calorimeter

CMS Phase 2 Upgrade: Replace the entire endcap calorimeter system (EE,
HE) with an integrated high-granularity calorimeter

Inspired by CALICE designs:
» radiation-hard components to survive the HL-LHC environment
» high granularity to record more information for physics in high pileup
 EE: Endcap ECAL
0 28 layers of tungsten/copper absorber and silicon sensors |
0 ~26 X, / 1.5 A, thick, 4.3M channels N e
e FH: Front HCAL iz
0 12 layers of brass absorber and silicon sensors :
0 3.5 A, thick, 1.8M channels
 BH: Back HCAL

0 12 layers of brass absorber and |
(radiation-hard) plastic scintillator

0 5 A, thick, 1K-10K channels

How can we exploit all of this information? Particle Flow!
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What 1s Particle Flow?

Raw Detector Readout Clustering & Tracking Cluster Track Linking Resolve, Identify, Measure

neutral hadron
from energy imbalance
S
0
# # L .
/ \Ni\t

L charge

. hadron charged
Tracker / Trac Tracker-Calo Link

hadron

Reconstruction that yields unambiguous list of identified final particle states:
» Cluster detector hits together in each detector

 Link tracks to calorimeter deposits:
tracking augments calorimeter response

> Best use of all detector data to measure and identify all particles in a collision
— performance depends on optimized use of all information
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High Granularity Clustering

1. Initial Clustering
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1 1 Simple cone algorithm
o based on current direction
&‘ I 7 + additional N pixels
/ T ] — |

I Cones based on either:
4 x| initial PC direction or
l current PC direction

Unmatched hits seeds
new cluster

Initial cluster
direction

2. Topological Associations

t
. i Forward Back Back Loopers
3. lterative Clusteri ng Pointing Pointing S’flatt(:relds attered (not so relevant
18 GeV for endcap)
>
30Gev § Reduce clustering 12 GeV
search region -
\ \ 4. Fragment Removal )
10 GeV Track .ﬂ /3 Gev
7 GeV cluster *. i
g 6 GeV ﬁ: Gev ' "
6 GeV \
Clustering approach based on the cluster oo e s
Pandora Particle Flow Algorithm ooy S Pee ey
Distance of closest Layers in close Distance to Fraction of energy

developed by Mark Thomson for
ILD and CALICE
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approach contact in cone

track extrap.
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ILD and CALICE HGCAL at CMS
« e*e~collisions (ILC, CLIC)  pp collisions (HL-LHC)

* No/low pileup » High pileup
(140-200 interactions per event)

e Optimized for barrel » Endcap calorimeter
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Computational Geometry

k-d tree in 2 dimensions:

Nearest neighbor search: core of any
clustering algorithm

Naive approach: compare each RecHit to
every other RecHit v

0 O(N?) behavior
o With high pileup, N =200,000!
k-d trees: a binary tree in k dimensions

o Change the splitting dimension at each depth
(examples at right)

0 O(N-log(N)) to search for neighbors of hits
in a region
Hull finding: get set of outermost points

o0 More efficient when comparing two existing
clusters

These algorithms provide orders-of-
magnitude speedup over naive approaches
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Graph Theory

 Efficient way to manage associated sets of points

o Start with hits as vertices of disconnected graph

0 Associate hits by building edges between vertices in the graph

* No need to search over and over again when adding a hit to an associated

cluster
0 O(N?) — O(N-log*(N)) (almost linear)

id[] is parent-link representation
'.'g.'-.',i'..'-ﬁr-.’.'i!' '."f!'rufs

roof - g) 'Cg-i
E’%J/{ -\_E__!:l

.«-EH,I

QuickUnion efficiently
represents associated
sets of points: —

firnd has to follow links to the root

pg 01234567849

59 11 0 8 B
1 I

Find(5) 5 Find () 15

id[id[1d[5]1]] id[id[%]]

umion charges just one link

pgq 01234567839

59 11 0 8 8
8

Quick-union overview
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Advanced Algorithms for HL-LHC

Cone clustering: 10-20x
k-d trees very important

01 23 458

] \ Simple cone algorithm
I A based on current direction
[ " - + additional N pixels
A éé\ ) 4 2&)
I g I Cones based on either:
b initial PC direction or
g i current PC direction
»
g
Initial cluster Unmatched hits seeds
direction new cluster

Frag. Removal: 3-4x

k-d trees help, hull finding also |mportant

y 3 GeV

7 GeV cluster g. ’
6GeV ¢ 4 GeV

6 GeV

cluster 9 GeV 3 GeV 6 GeV ‘

9 GeV track 9 GeV 5 GeV 9 GeV

Distance of closest Layers in close Distance to Fraction of energy
approach contact track extrap. in cone
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Topological Assc.: ~3x
k-d trees, QuickUnions both useful

N

T

Advanced algorithms provide
significant speedups in the
reconstruction code

Without these computing performance
Improvements, simulations at high
pileup would be impossible

140 pileup:
1 hour/event — 10 min/event
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Conclusions & Future Considerations

o Initial effort with advanced algorithms AT

provided reconstruction and 32; s simion A "1_;‘ PN 2 _
performance results for the § o8- o Phase150PU
CMS Phase 2 Technical Proposal é; +-Phase | Aged 140 PU
3'_ 0_4!* -»-Phase Il 140 PU N
» Imaging calorimetry is the future! ; f‘*+:++
« Can further exploit shower shape info: er '+::::¢¢+ i
software compensation (EM vs. hadronic), I e =y
pileup rejection Ol

10? 10
p?E“ (GeV)

» Add time and energy information for 4D or 5D clustering
and further pileup rejection

» Multithreading will provide more speedup: clustering is local

« Research in computer science shows 50-100x speedup for clever
Implementations of k-d trees on GPUs
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CMS Radiation Map
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Existing endcap calorimeters will not survive the high radiation dose expected
after 3000 fb-! delivered by the HL-LHC — need to be replaced
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Current Performance: Jets
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Current Performance: ely
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Photon identification performance
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Electron ID Variables
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Initial Clustering

» Track-seeded initial cluster positions and directions (optional)

» Loop over calorimeter hits to find nearest cluster
o Look in narrow region in few previous layers, then same layer

o If no match at all, seed new cluster w/ expected direction pointing back to IP

» Gives reasonable clustering to start, though it fragments clusters apart
o Other algorithms put event back together

o Easier and more efficient to detect patterns that should be merged
(vs. detecting patterns that should be split)

01 23 456
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Initial cluster
direction
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Unmatched hits seeds
new cluster
Kevin Pedro

Simple cone algorithm
based on current direction
+ additional N pixels

Cones based on either:
initial PC direction or
current PC direction
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Topological Associations

« Use longitudinal granularity and tracking capabilities of HGCAL to gather
fragmented clusters

o MIP-like clusters point with very high precision
— most cluster-cluster associations are accurate

o0 Exploit in-situ cluster direction fit from initial clustering step

» Prevent gross mistakes in charged energy component by requiring merged
clusters to be consistent with parent tracks in E/p

I % o~

f
Forward Back g:arttmc/a E:L% Back Loopers
Pointing Pointing Neutral Scattered  (not so relevant

for endcap)
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Iterative Clustering

» Look at all track-cluster associations in which cluster energy > track energy

o Typically 36 deviations
(Requires a clean set of tracks — need a priori fake rejection in CMS)

o Attempt reclustering for better match with track:
alter the clustering parameters, from coarser clustering to very narrow clustering

» Keep reclustering result with best energy balance in local charged component

o0 Sensitive to both upwards and downward fluctuations in the cluster energy
gathering efficiency (can make a cluster bigger if track energy is much too large)

0 Get the best calorimeter-defined clustering with respect to input track information

18 GeV

g g 8
30 GeV Reduce clustering
search region

12 GeV

10 GeV Track
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Fragment Removal

 Final clustering step before particle flow

» Previous clustering steps naturally seed “fragments”
o Smaller, split-off clusters on periphery of larger ones

o Causes double counting or “confusion” if that cluster belongs to a charged object
(energy usually taken from track)

» Look for residual topological associations
o Clusters with shared boundaries or contained within projection of cluster envelope
o Clusters along track propagation in calorimeter

7 GeV cluster a.

6 GeV .' 4 GeV \%

6 GeV \
cluster 9 GeV 3 GeV 6 GeV
9 GeV track 9 GeV 5 GeV 9 GeV
Distance of closest Layers in close Distance to Fraction of energy
approach contact track extrap. in cone
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