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Work done over the past 2 years:

. Algorithms:
- NICADD/NIU (V. Zutshi)
- ANL (S. Magill, S. Kuhlmann)
- SLAC (N. Graf, G. Bower)

- Simulations:
- NICADD/NIU (D. Chakraborty, G. Lima, J. McCormick)
- SLAC (R. Cassell)
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Particle-Flow Algorlthm (PFA)

- Charged particles in a jet fgg; ;
are more precisely w [ j
measured in the tracker o % .

. A typical jet consists of: E R ﬁ
- 64% charged particles o *ﬂfgj + E
- 21% photons f AL ]
- 11% neutral hadrons L T e

Momentum [(GeV/c)

- Use tracker for charged,

0 — e
- Calorimeter for neutrals | N
Only 10-15_ / o] o _E
. Must be able to separate " | ]
charged particle energy  Tracker, SO
clusters from neutrals ol N ]
inside a jet in calorimeter i §
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Technology/Design simulations:

Scintillator semi-Digital HCal (NIU)

. Studies with GISMO and
G4 based simulations

........

.- Detailed comparisons of
GISMO-LCDG4-Mokka

. Steel(20mm)-Scint(5mm)
sandwich with varying
transverse segmentation

)

<D

(<oH e

SSSSSSS

41 o

Dhiman Chakraborty Particle-flow algorithms in America




Scintillator (semi)Digital HCal:
cmgll size and thresholds

‘e anows Non-projective geometry
Digital (1.414 x 1.414)
i ( )
SR S B S T S .
¢ ?G? 3 thrsh |
O‘ ‘ ‘ ‘W‘O‘ ‘ ‘ ‘Z‘O‘ ‘ ‘ ‘B‘O‘ ‘ ‘ ‘4‘0 “““ ;ig : | . ‘
incident E (GeV) . L
- Single charged pion e 1
1.2 |- u v
- Plain cell-counting only : .
- 10-12 cm? acceptable 2 .
. 0.8 j . !
. 3 thresholds optimal T
E (GeV)
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SD Detector: a Particle-flow
detector for the LC

Tracking :
Multi-layer Si Vertex Detector = 4! it
~1 cm -> ~7 cm radius, 5 layers = "2 4
Si-Strip Tracker ,
~20 cm -> ~1.25 m radius, 5 Iay-'grs \ [ -
ECAL : \ o
30 layers, ~1.25 m -> ~1.40x n‘l"r\d ius \\ P
W(0.25 cm)/Si(0.04 cm) .Z#» \\ /

~20 X,, 0.8 A, L
~5 mm X 5 mm cells AT %/ﬁ* | ]
HCAL \ &//\V—’ i

34 layers, ~1.45 m -> ~2.50\m\radius

stainless steel (2.0 cm)/scint. (1,0 cm) ] \\\ £ %
~40 X, 4 1, ] K s
~1cm X 1 cm cells ey
Solenoid Coil : . / & AL -
5 Tesla, ~2.50 m -> ~3.30 m radius_ _ . g
Muon (Tail Catcher) : S
~3.40m-> ~5.45m ‘ »
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Separability of clusters

Best separability is achieved when spread within a

class is small & distance between classes large.
J=Tr{S,*S,}
where S, = 2, W:S;

S; = covariance matrix for cluster c; (in x, y, z)
S,, = covariance matrix w.r.t. the global mean
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Two (parallel) =+'s in TB sim:

hTrKE hTrkX
Entries : 10000 Entries: 10000
3001 OutdfRange : 0 180T OutOfRange: 0
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Two (parallel) =*’s in TB prototype sim:
separability (J) vs. track distance
for different cell sizes
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Another measure of separability

B =a (uiu)" ({Si+SH2)™ (ui-pa) +
b In{(|(Si+S)I/2)(| Si || Sk )"}

a,n>0

;= mean, S; = covariance of I-th cluster

1st term gives separation due to mean difference,
2nd term due to covariance difference
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Two (parallel) Tt+’s in TB sim:
separability (B) vs. track distance
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Analog/Digital response to hadrons

Analog CAL HadronEthr vs True HadrenE Digital CAL Hadron Nhitsthr vs True HadrenE

CAL Energy {B2Y) Number of Hits
8071 15001
BT 14007
o7 13007
il 12007
07 1100
5T 1000t
DT |
BT 700 1
0T $00
257 007
207 0T

15T 3007

10T 2007

e 1001

0 0

True Energy {F2V)

development in terms of “track length” :

Track Length (T) = sum of tracks of all charged particles in a shower -
Analog sampling calorimeters sum energy, Digital sampling
calorimeters sum hits

T o« E (particle energy) - what about spread in energy?
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Energy resolution with

analog & digital calorimetry

GEANT4 Simulation of SD Detector (5 GeV ©t)

Analog: sum of ECAL and HCAL analog signals
Digital: number of hits with 10 MeV threshold in HCal

Total CAL ESum, Hihreshold

1 Analo

|

o/mean ~22 *E;ﬂ
| | | #

Tatal GAL ESum, Hihreshold
enfries : 2000.0
min ; 1.5673
max 12.363
mean 4.9688
me ! 1.2978

Gaussian
amplitude :  153.8744.44
mean: 48560400247
sigma:  1.063240.0190
3R 2.1601

Landau Tails
+ path length
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Digital

Total CAL Nhits threshold

Total CAL Hhits fhreshald
enfries : 2000.0

min ; 20,000

max 189.00

mean 109.87

ms ! 20743
(Gaussian

ampiitude : 154.3244.30
mean:  109.8710.464
sigma:  2051910.343
1 04273

Gaussian

o/mean ~199%

I L L L L L L L D L
2N 3¢ 4o 50 6 M 80 #0100 10 120 130 14 150 60 170 180 190

Number of Hits
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Digital calorimetry for photons?

sm ~ Number of photon hits vs True Photon Energy

14007
ot Non-linear behavior o
12007 o
wf for dense showers 2 -".7% .
1,000 =:EEEEE=E=“= - =
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Analoqg ECal

c/mean ~ 16%/E

Total CAL ESum

Total CAL ESum
entries : 10000
min : 3999
Mo - 6.3815
mean : 50823
ms : Q40773
Faussian
amplitude : 96.732£3.829
mean : 5.0782:0.013
gigma : 0.40446:0,00972
33 0.79717
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Analog ECal -

Number
22071

2075 /mean ~ 22%

1807
1607
1407

1207

Analog sum - ECal + HCal

- Digital HCal

Total CAL ESum
® Total CAL ESum, Hthreshold

ﬁ

Tatal CAL ESum
entries : 20000
min : 15821
max 12450
mean : 5.0849
ring 13146

Tatal CAL ESum, Hthreshald

entries : 20000
min : 16673
max 12,363
mean 49688
ring 1.2978
eoussion
amplitude :  176.39+5.08
mean : 46476400251
sigma : 1088640 0194

Analog sum - ECal
_|_
Digital sum - HCal

Threshold CAL EMAnaleg + HDigital ESum

16786
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Energy {GeV)

Threshold CAL EManalog + HDigital ESum
entries 20000
win : 16186
max 12,091
mean : 5.0841
{ rms 12833
1749444
5.0076+0.0255
1093500180
i.8264

Energy {GeV)
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DHCal: Density-weighted Clustering
d, = k 2 (1/Rj)

SD161 chpi 10GeV

Density-based clustering: -
in both ECal and HCal Lol

. Clusters matched to
tracks replaced by their .| o
generated momentum * o %eee o o

1 o

1.5 —

elative positio

For ECal clusters, use
energy of assoc. cells

0.75 % *

0.5 —

For HCal clusters, use
number of hits to
estimate energy. O‘ - ‘2,5‘ - ‘6‘ - ‘7.5‘ - ‘WO‘ - ‘125‘ - ‘W5‘ - %75‘ - ZmO

0.25 =
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Scintillator & gas-based DHCal
geometries modelled in simulation:

Polystyrene 5mm «
Glass 1mm

Gas Geom1 Co oo I

Gas 1mm
Gas 5mm \

G10
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Shower widths with Scintillator
and gas-based HCal designs

1 cm x 1cm cells

50GeV Charged Pions 50GeV Charged Pions 50GeV Charged Pions
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Shower widths vs. E(rt)

Anqular Width

Density Weighted

- 1 cm x 1cm cells

Scintillator

Gas (Geoml)

Gas (Geom?22)

~ 4 4

- A

- * a

- HN

B | | | | | | ‘ | | | | ‘ | | | | ‘ ‘ | |

10 20 30 40 50
E(GeV)
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Number of hits with Scintillator
and gas-based DHCal designs

Total No. of hits above threshold (0.25 MIP) for 10GeV charged pion

851

80T

T
260
nhit

& 5mm Scintillator
5 5mm Gas
& 1mm Gas

Emm Scintillator
Entries . 1000
OutOfRange : 0

Mean: 172.37
Rms: 36.906
Bmm Gas

Entries: 1000
OutOfRange : 0

Mean: 171.10
Rms: 43.290
1mm Gas

Entries: 1000
OutOfRange : 0
Mean: 145.22
Rms: 41.903

S00
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Energy resolution with Scintillator
and gas-based DHCal designs

Charged Pions in SDJan03 Non—Projective
=
(&Y — ] = "
< 1 cm x 1cm cells, density-weighted clustering
~ . [
N n [
2
© —
)
o N
= -
1.6 —
L L
1.4 = Smm Gas/Smm Scint
i L
1.2 — Y
L o
®
i L
" I
L 1mm Gas/Smm Scint
Il Il Il Il l Il Il Il Il l Il Il Il Il l Il Il Il Il l Il Il Il Il l Il
O 10 20 30 40 50

E(GeV)
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DHCal: Particle-flow algorithm (NIU)

uuuuuuu
———————
nnnnnnn
———————
0000000
———————
uuuuuuu

uuuuuuu
0000000

E - Nominal SD geometry
/ - Density-weighted clustering

>t 2> pnl

PFA

. Track momentum for charged, ..
- Calorimeter E for neutrals

. Cal only
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DHCal: Particle-flow algorithm (NIU)
Photon Reconstruction inside jets

Excellent agreement with Monte Carlo truth:

mmmmmmmmmmmmmm
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DHCal: Particle-flow algorithm (NIU)
Reconstructed jet resolution

e by egen c e by eg

Larentzian -T- Lorentzian
width : 0.25873+0.01380 width : 0156530008285
= 1.2633 1704+ W= 1.5309
M0
160
1081 ;
100 =
ZZ — 4] events -
jev
40
901
130
1201
Calonly ™7 Digital PFA

o
100

GO

a0 I' I
an—1 ] 1
70+

60+ %
50+ '

40+ %
Labell | ’][ T
%Tj :
Sk
o Mmoo
0z 04 06 08 10 1z 14 1B 18 2D oz 04 06 08 10 13 14 1B 18 20
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Track-first Particle-flow algorithm
(ANL, SLAC)

Step 1: Track extrapolation through Cal

- substitute for Cal cells (MIP + ECAL shower tube + HCAL tube;
reconstruct linked MIP segments + density-weighted hit clusters)

- analog or digital techniques in HCAL

- Cal granularity/segmentation optimized for separation of charged &
neutral clusters

Step 2: Photon finder

- use analytic long./trans. energy profiles, ECAL shower max, etc.

Step 3: Jet Algorithm
— tracks + photons + remaining Cal cells (neutral hadron contribution)

— Cal clustering not needed -> Digital HCAL?
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Analog vs Digital Energy Resolution
GEANT 4 Simulation of SD Detector (5 GeV =)

-> sum of ECal and HCal analog signals - Analog
-> number of hits with 7 MeV threshold in HCAL - Digital

Total CAL Energy Sum Total CAL Num of Hits
o Total CAL Energy Surm P i [Total CAL Nurm of Hits
1 mean ; 3 66836 mean ; 107 .07
230 240
260+ aaussian aaussian
mean | 3619420 0188 220 an ;. 107 6240351
2407 sigma : 1.056620.0150 200 sigrma © 2093030 259
2201 y 44721 11570
. 180
1 1601
180 . .
el Analog reo- { Digital
14071 . 1201
.l Landau tails
100+ G .
100+ + path length a0 aussian
80 fluctuations -
Eﬂ_
40 4o
a0 20T
g O I f f I I I I
o 2 4 6 2 10 42 60 B 100 120 140 160 180
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Shower reconstruction by track extrapolation

Extrapolate track through CAL
layer-by-layer

Search for “Interaction Layer” (IL)

—> Clean region for photons ECAL

Shower reconstruction :
Define tubes for shower in ECAL o
& HCAL after IL *
Optimize, iterating tubes in ECal
& HCal separately (E/p test)

CAL Interaction Layer {All interactions}

Number

0 5 10 15 20 25 30 35 40 45 50 55 60 65 traC|(

CAL Layer - EM{0-2%), HAD{30-64)
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IL
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Single particle track substitution results

Increment window around extrapolated track in each layer by 0.025
in the ECAL and 0.045 in the HCAL - check E/p>test parameter to
stop iterations; test parameter = 1 +0,1,2 o (6~55%/~E)

$M ~ Total ESum of t and m,CAL flags/Psum of tracks Number of iterations
»0T entias : 20000 00 entries : 1988.0
min 0 min 1. 0000
MOT max: 18883 50 max 10000
E/ p mean: 0.73781 mean: 24058
20T e 0.1440
wo_-
280_-
| 2
ol 1-20

g ¥ 8 8 &£ & 8 8 8 8 8

g

g

30
¢

P - S —

T T
00 2 04 06 3 10 12 14 16 18 1 2 3 4 5 & 7 & ¢ 10
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Single 10 GeV 1t": event display comparison

IE To avoid thiz stamp
please register this software

Energy weighte d.

Dhiman Chakraborty

\

jcale X 003.644) Blue: denS|ty - ]
oo, 63a) Red: density = 2,3
Green: density > 3

Dengity weighted \
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Overlapping showers from other tracks

Separation between random >2 GeV track and closest >2 GeV track

tra tra

: . | % 0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Angular Separation (radians)

16% overlap within Sep<0.1 59% overlap within Sep<0.3
41% overlap within Sep<0.2 72% overlap within Sep<0.4
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2+ GeV N/KO overlapping 2+ GeV tracks

Separation between track Separation between N/K?,
o] and closest N/K% 5 wly and closest track

5,500 -
5,000
4,500 1
4,000 T

3,500 T

3,000
2,500 1
2,000+

1,500 1

1,000 T
500
0

. i ‘.—-'-I-—-I—I
Angular Separation (radians) Angular Separation (radians)
10% overlap within Sep<0.2 48% overlap within Sep<0.2
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Track-first PFA Results

Average tube size as determined by the number of iterations:
ECAL: 0.1 rad

Number M Intermediare ESum/ Trock P
HCAL 0.2 rad Final ESurm/ Track P
Iarermadiare ESums Track P
entries : 55301
min : y)
mox : 7.3662
mean : 0.82332
rms : Q41614
Final ESum/ Trock P
entries : 11218
min : y)
max 7.3662
mean : 1.3342
rms : 0.50278

HNHumber of iterations

0.0 05 10 L5 20 25 30
E/p

Start with green distribution,
end with yellow
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Track Substitution, Neutral Sum Results

Includes MIPs + cell E’s in tubes (further E/p tuning needed)
Jet cones: 0.55; Neutral contribution to E sum: ~4.8 GeV;

Number
1207

1107
1007

BOT
0T
607

0T
207
07

Track PSum - Total AL mip+tube ESum
Total neutral Esum - true newtral

Teack PSum - Total CAL mipriube ESum
entries : 1065.0 Number Tatal aeutral Esum - trite aeirtral
min : 27589 | 130T entries: 10650
max : 28809 min: -31.360
mean - igt31| 120 max 22069
rms 5922 ot mean 14135
s 57404
Paussion 100T . -
amplitude : 878903422 | ool 1| aussion
nean 6410001667 T amplitude < B7545:3630
o Iy BOT il mean 09795201544
sigta : 5.2915:0.126 i X
' 0.68032 1 sigma : 4762320128

- ' 7o 1 18344

50T

50

40

307

20T

107

0 _T_'I =ch '_T_:' = |'I'|'II'| T T T T T
2% 20 45 A0 5 0 5 10 15 0 25 30 25 20 A5 A0 50 5 10 15 20
Track PSum - CAL mipviube ESum (Ge V) Netrtral £5um - Teue Neutral € (52 V)
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Results for Analog and Digital HCal

Analog HCAL Digital HCAL
Tracks + wnsubbed Perfect ID thr + perfect ID photon + neutral ESum Tracks + unsubbed Perfect ID thr + perfect ID photon + neutral ESum
Nuiber aa?’rrries : 10650 Number enfries : 10650
120 min 57.352 _ min R332
max: 17g5| 130 max : 11477
tot Mean ¢ 879% | 1207 ' '
rms: 6,1253 mean: 87240
1007 1ot ms 6.0541
i anpltude :9596723835 | |
%0 mean:  BB200:016 amplitude : 92.494¢3 679
sigma: 506510126 907 mean: 87591017
12 1,2535 80T sigma: 527940132
i.
ol e 098223
60T
50T
407
30T
207
107
0_
© & 1 75 8 85 90 95 100 105 10 15 0 65 70 75 80 85 %0 9% 10 05 10 15

P-Flow ESum (GeV) Pflow ESum (GeV)
Very similar results tor Analog/Digital HCal
Both still too wide!
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Neutral Hadrons in Z — jj decays

A

= w
I

N/K° Candidate Energy (GeV)
&

I | | | | | I |
I I I 1 1 I I ] 1
0 5 10 15 20 25 45 50 60 65

MC Truth Neutron/K% Energy (GeV)
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Overlapping tracks & n/K9

Two approaches being

investigated.: o oo
. Put calorimeter and

track properties in a

neural net

15 Discriminators
= 3 normalized energy tensor eigenvalues,
nel,ne nel.
« nel/neZ, neZnel.
First layer hit, last layer hit, length of cluster,
(firstL+1)/1length.
Angular separation between el-axis and IP.
Energy in first 5 layers.
MNhits in first 2 layers.
z-coordinate of center of energy.
MNhits
Measured cluster energy.

- Remove track and

gamma hits from the
calorimeter (‘snark’
inspired)
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Photon Reconstruction

- Simple cone
algorithm to
cluster cells in the
ECal

. Currently using
fixed cone of 0.03

- Splitting based on
distance of cell
from cone axis

- Plan to use seed-
energy-dependent
radius
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PFA: Cluster identification

(SLAC, U. Pennsylvania)

Fraction of KE correctly IDed as gamma

- Make contiguous hit s
clusters st

- Attempt to identify sy
particle type that sl
created cluster based
on a set of
discriminators

- NN, trained on smgle
partlcles being used
presently

Dhiman Chakraborty

0.z

entries ; 464,00
min: 010477
max: 1.0000
mean ; 0.90001
ms; 014376

0.4 0.

0.8

Fraction of KE incorrectly IDed as gamma

entries ;464,00

min 0
max: 085254
mean ; D.0G2174

s DO07TEH6T

0.4

0.
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1.0

0.8

Fraction of KE correcthy IDed at netural hadron

F00 entries : 431.00

A0 min a
max: 10000

500

! mean : 055350

400 ms: 035045

0.0 0.z 0.4 0. 0.a 1.0

Fraction of KE incorrectly IDed as netural hadron

LOu0T entries : 38300
a4 min 0
max: 1.0000

AR mean ; 027548
ms; 032278
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PFA: Z mass using
Cluster identification

MCTruth PerfectClustering CLusteriD
75T Epolema 1Al 9 Fpolemass 3 Fpolemass
entries 2z0.00 entries 328.00 311 - entries =01.00
AT min : 52000  55- min : 0430 min : 47 545
&5 max : 100.29 max : 102.86 I max 126 .42
mean : 90,405 5+ mean ; 88.373 gz, ] mean 52.953
a0 T rms 5.0345 68724 - rms 95004
cc |- G 45 L
H] dussia >aussia Zau
. amplitudel: 57 26645 245 | amplithdg : 99 94942+% 732 ke am D 24.7a6+1.885
2U mean 91 42340 20 40 mean 29 413411 25 | me 22 54940 577
L sigma L3249340 1680 - 5|gma G.5329840.2:391 =0 sig o.09:2340 94652
: 1.2470 3 0.00788 16 3 0.B0E70
1
30 103
35
_— 14
30 =
124
I T I
) Z0 104
-0 15 &
15 _
15
10 !
10 4
T 2 -
- ] p T T | o T T r:
(E11] LA 100 120 (RN oo 100 120 a0 100 120
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Summary

- Digital calorimetry can be as good as
analog, may be even better, especially

for particle-flow algorithms.

- Several independent approaches to PFAs
expected to result in a large software
library of algorithms and reconstruction
techniques.

- Much work ahead - international
collaboration is crucial to our success.
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