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Introduction

PFlow concept has found wide acceptance as an optimal
approach for event reconstruction in the LC experiment

- PFA performance is one of the main factors, driving detector
design

ILC collaboration enters the phase of detector optimization

- we desperately need tools to perform detector optimization
studies (realistic PFA is one of these tools)

At the stage of detector optimization, flexibility of
reconstruction software is favored over performance

- PFA should have minimal dependence on detector geometry to
enable detector optimization

- PFA can be further optimized once the detector configuration is
chosen and fixed
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Particle Flow Concept

Basic idea : optimal reconstruction of
every measurable particle in an event

Track momentum resolution is much better
than calorimeter energy resolution :

Tracker and Calorimeter Resolution in Absolute Scale
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neutral objects (y, h0)
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Implications for detector

- good pattern recognition in tracking
device to facilitate efficient track
reconstruction in jets with high local 1

Calorimeter Energy Resolution (GeV)

particle densities 10 F:

imaging capabilities of calorimeters are

favored over compensation; one needs 2— B 0 Sy 1 A R R
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neutral particles
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Perfect PFA : What theory predicts

+ Jet energy resolution
GZ(Ejet) = o°(ch.) + o*(y) + o*(h°) + o*(conf.)

+ Excellent tracker :
o(ch.) << o®(y) + 6°(h°) + o*(conf.)

+ Perfect PFA : ¢®(conf.) =0

Typically W = 25% ;W =13%

Ay =11% ; Aho = 34%
=>0(E_)/E_ = 12%NE_

A =11% ; Aho = 50%

4 O-2(Ejet) = A2yEy + A2hEhO= WyAZijet + WhOﬁEjet VE /E 1 70/ /\/E
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Factors Contributing to Z Mass
Resolution. Studies for LDC

et e 57" 5qg at 91.2GeV

Studies by
P. Krstonosic
S5 siéiit]e ngt[j(;?r:fe]d totgl [(GEV] E) to ctrotal
E>0 0.84 0.84 0.84 (8.80%) 12.28
Cone <5° 073 | 1.11 1.11(11.65%) 9.28
P,<0.36 1.36 1.76 1.76(18.40%) 32.20
O neat 1.40 1.40 2.25(23.53%) 34.12
O pear 0.57 ==r=>1.51 2.32(24.27%) 5.66
M, cutra 0.53 1.60 2.38(24.90%) 4.89
M chaiged 0.30 1.63 2.40(25.10%) 1.57
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What Jet Energy Resolution Do We Need

Separability of WW=>4j and ZZ=>4j final states in processes
e‘e=>WWwv, ZZvv (Signal for strong EWSB!)

Typical LEP detector

Goal for'ILC
. dE/E = 60%/NE
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Benchmark goal : dE_ /E_ = 30%/E_
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1% Step of PFA. Tracking

Pattern recognition in tracking system (there exist Y
corresponding codes for TPC (MarlinReco) and A - KINK
Si tracker (org.lcsim) )

Track fitting using Kalman fitter.
Procedures of fitting

- Simple helix model (used for tracking in Si
detector)

- Model accounting for energy loss (used in TPC
code)

Track parameters extracted from fit are used to IP /ﬁi-ééi{iia ........... X
estimate momentum of charged objects @ point

of closest approach to IP and their charge: /
. P_=0.3B[T] R[m] B field
Z

- P =P_cosp ; Py = P_sing

’ PZ = PT tanA

Special handle of kinks and VOQ's ! 7
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Two Strategies of PFA
First approach (org.lcsim, PFA for GLD)

- Track supported clustering => association of calorimeter hits
to close-by track; iterative procedure to match energy of
cluster and track momentum

- dedicated photon cluster finding

- clustering on remaining hits => neutral hadrons

Second approach (MarlinReco)

- Clustering based solely on spatial information (relies heavily
on imaging capabilities of detectors, no use of hit amplitude
iInformation, no use of tracking information)

- Track — cluster matching based on proximity criterion

- Particle ID based on cluster shape analysis
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Track Matching Procedure

- Basic Concept
Extrapolate the charged track and calculate a distance between
a calorimeter hit cell and the extrapolated track. Connect the cell
that 1n a certain tube radius (clustering).

Extrapolated Track - Calculate the distance

HEAL | .
‘_:‘J_Tub@ for any track/calorimeter

cell combination.

- Tube radius for ECAL
and HCAL can be changed

S r\ D separately.

’-le, \Calorimeter input position

Pl T
: distance

Charged Tr

T. Yoshioka
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- Efficiency/Purity of Track Matching is checked by cheating method.

Efficiency hist1 Purity hist2
B Entries 700 — Entries 129564
a000f- NAAronic events Mean 08415 : Mean 09118
E at Z pole RMS  0.06364 B RMS D0.2122
2500 7 B
2000 ‘
1500
1000
- 5000(
500 :
ﬂ [ | 1 =| = | L PR Bk LA et Di__l_ PUREELSY et R BOE ol Rl [ ol e LRl e | I_A-;ﬂl-f—l
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Efficiency Purity

Efficiency : 84.2%

Purnty : 91.2%

T. Yoshioka
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Alternative Approach Realized in 0rg. |CSIm

Shower reconstruction by track extrapolation

§

1L

-Milp reconstruction :

rower reconstruction :

‘Extrapolate track through CAL layer-by-layer

Search for "Interaction Layer”

Cluster hits using nearest-neighbor algorithm
Optimize matching, iterating in E,HCAL separately
(E/p test)

S. Magi

- Hits in next layer

track
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Track/CAL Cell Association Algorithm
'S. Magill

= Track PSum - Periect PFlow Cal Track |
* Track PSum - Total CAL mip+iubs ESwr
= gauss

= gauss 1

Track PSum - Parfect PRlow Cal Tack E
Entries : ars4
Mean : 0.45475
Ams: 53085

Track PSum = Total CAL mip+tuba ESum
Entries : 754
Mean : 0.32174
RAms - 60820

gauss

amplitude ; axpeariies
maan : 0. 382744007778
Sigma : 4 BEAST0.0T16
yE: 74458

pauss_1
ampliude ; 686 66415.0
miean . 0. 3830840 09678
sigma : 56916100823
¥2: 48837
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Example of Photon Finding
(org.lcsim approach).

Hits associated to tracks are removed : clean the region for photons
- Photon finding employs cone clustering performed on EM hits

- Photon ID based on analysis of long. shower profile
Fractional Energy vs Layer

015 = oo NS R

N. Graf

0.00

"0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
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Photon ID. Neutral Clusters

Use longitudinal energy depositions and their correlations to create a
cluster x2 (HMatrix approach) log10 ChisqDProb

7,500 a

M. = {S_(E (n)<E>)(E(n)-<E>)UN |
j ny i i j om " Photons
- H=M" ;W Pions
- X2=3,(E-<E>)H (E-<E>) |
Final step : clustering on ol
remaining hits N. Graf

=> neutral hadrons

Neutral objects : cluster energy as estimate of particle energy; vector
connecting IP and cluster starting point (or center-of-gravity) approximates

momentum vector
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ECAL Granularity

Most of PFA studies assume highly granular ECAL : ( 4x4 mm? in SiD,
1x1 cm?in LDC). Is this high granularity justified?

Fraction of photon(s) energy per event within a given distance to charged tracks

ZH(120) at 0.5 TcV tthar at 1 TcV
50 70 : : : : : ; :

WL e el

45k
40 _LDC( 1 65,220}

35L.SiD(125,170)

i wslsingiosamay. l A L Lt
3pLD(210,280) i s : % : :

cCInET10 280y H i ” 3 A i

25

20

Fraction

15

10

Distance in cm
Efficient separation of photons from charged particles requires
highly granular ECAL ( cell size < 1x1 cm?)
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PFA Performance Check

Hadronic events at Z pole are used to estimate
performance of PFA

- This benchmark process allows for simple analysis ; no need to
perform jet clustering, one can easily sum up energies of all particles,
calculate momentum imbalance and visible mass of an event
=> PFA performance is disentangled from the effects related to
inefficiency of jet clustering algorithm

- PFA performance is straightforwardly quantified in terms of resolution
on the reconstruction Z mass (or event energy)

- Study of PFA performance with hadronic events @ Z pole enables
direct comparison with LEP detectors and SLD
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Results

0 SD
= (org.lcsim)

B FF& Medtrals - AT Meubsls

3 799

pauss
amplitde: 863
= 57397
3.72935

sicra ;

| Particle Flow Algorithm |

hist1
Entries 522
50—
B ] Mean 9915
E RMS 4.673
40 Constant 47.56 + 2.76
- 40%/sqrt(E) Mean  99.23 +0.19
E Sigma  4.089 + 0.150
30_—
20—
: GLD
10
|||||||I_I|| ||||||||| .l_||||-||||||
80 70 80 90 100 110 120 130 140

Energy (GeV)

| LDC (tile HCal), MarlinReco |

l +2 I ndf 68.11 / 49
400 P

I rob 0.03672
3505 Normalisation 388.8

H Mean 91.91
300] sigma Central Part 3.839
2505 Sigma Left Tail 11.84

1 Sigma Right Tail 8.231
2005 Fraction Central Part 0.752
o LDC
100

== (MarlinReco)
oF
0 20 40 60

Results obtained by different

groups for SiD, LDC and GLD are
comparable (dM/M ~ 40%/sqrt(M))

However more pronounced tails are

observed in the case of SiD and
LDC detectors (needs further
iInvestigation)

- August 26, 2005
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ttbar => 6jet with Large Detector

C Event Display (CED)

Robustness of PFA is demonstrated
also in the reconstruction of events
with more complicated topology :
ttbar->6jets @ 500 GeV

Performance of clustering is evaluated
in terms of fraction of event energy
which is shared between
reconstructed and true clusters

|_Quality, Large Detector with Tile HCAL | g;ﬂ:s" 7133

12

10

More detailed studies with HZ,
65 70 75 80 8 9 95 _ 100 ttbar, WW events are planned

Quality

DIII|III|III|III|III|III|I
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Realistic PFA - Tool for Detector
Optimization (1)

Stainless steel HCAL vs. Tungsten HCAL
Scintillator as an active element

ete- -> Z (jets) — PFA performance. Fits .

Total Esum « Tracks+photons+neutral Esum Total Esum - Tracks+photons+neutral Esum

N — 2 X, sampling -

S8 — 1 X, sampling .

Total Esum - Tracke+photone tnaumal Esum
True PFA o 1£220 True PF.A i ©
f i ! 41585 1 f i :
-> S8 33%/NE e s, -> W 28%/NE -
P BA 586 fhaar .
[N .28 (L

Total Bsum - Tracke+photone+nautral Ecum
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Gaussian . Saussian
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Realistic PFA — Tool for Detector
Optimization (2)

Analogue Tile HCal (3x3 cm? tile size) Digital RPC HCal (1x1 cm? pad size)

| LDC (tile HCal), MarlinReco | | LDC (RPC HCal), MarlinReco |
T 2 I naf 68.11/ 49 45002 naf 65.29/ 49
4001 prob 0.03672 400l Prob 0.05965
3505 Normalisation 388.8 Normalisation 402.7
! Mean 91.91 3501 Mean 90.36
300 sigma Central Part 3.839 agofl Sigma Central Part 4.075
2505 Sigma Left Tail 11.84 ! Sigma Left Tail 11.13
! Sigma Right Tail 8.231 250} Sigma Right Tail 8.405
2005 Fraction Central Part 0.752 2005 Fraction Central Part 0.7498
150 150
100F- 100
507 50—
0 = 1 I I I I | I u = h I I I I | 1
0 20 40 60 80 100 120 0 20 40 60 80 100 120

No dramatic difference is found in PFA performance for Large
Detector with digital RPC and analogue tile HCAL
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Open Issues. Unbiased Comparison

Vari

Between Different PFA.

ous PFA presented @ Snowmass differ in the level of

details implemented in the reconstructed procedure

- SID : true MC tracks + realistic clustering, photon and
neutral hadron identification

- LDC : realistic tracking (TPC only) + realistic clustering +

rea
- GL

istic PID
D : true MC tracks + realistic clustering + realistic PID +

INC

usion of neutrino energy

To enable unbiased comparison we need to agree upon the
level of details implemented in PFA.
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Open Issues. Ways of Improving PFA

Realistic tracking True tracks + realistic track fitting
(TPC only) (VTX+S|T+TPC+FTD)

| LDC (tile HCal), MarlinReco | [ LDC (tile HCal), MarlinReco |
I %2 I ndf 68.11/49 450f +*/ndf 57.71/49
400 i Prob 0.03672  Prob 0.1843
350 | Normalisation 388.8 400 | Normalisation 415.6
1 Mean 91.91 350|| Mean 91.76
300| sigma Central Part 3.839 i Sigma Central Part 3.742
250 | Sigma Left Tail 11.84 BeL i Sigma Left Tail 11.32
| Sigma Right Tail 8.231 250 Sigma Right Tail 9.217
2005 Fraction Central Part 0.752 il Fraction Central Part 0.8145
- 200
150 150
100 100
50 50
0 = T 1 PRI 0.: I 1 L1 L
0 20 40 60 80 100 120 0 20 40 60 80 100 120

In Large Detector realistic tracking with only TPC does good job
However PFA performance can be slightly improved by including tracking
In the vertex detector and forward region (reduced tails)
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Open Issues. Does VO and Kink
Finding Improve PFA Resolution

800

700

Previous studies with the
SNARK package
showed that we can gain

500
~0.5 GeVinthe Zmass £
resolution with dedicated &
VO and kink finding 300
procedure 200

100

800

with VO and kins O= 3.7 GeV
without = 4.2 GeV
' SNARK

;(V.Morgunov)

" L B L B
-50 -40 -30 -20 -10 O 10 20 30 40 50
M GeV

vis Mrec’

Alexei Raspereza, DESY, ILC Workshop, Snowmass, August 26, 2005

£90



Realistic PFA vs. “Perfect” PFA

Perfect PFA : True MC tracks + true MC clusters + perfect linking
between tracks and clusters => estimate of detector resolution
effects : useful for detector optimization studies; guideline for PFA
developers

Realistic PFA Perfect PFA

gauss Perfect PFlow - SDFeb05
1701 B PR Fedtrals - FAC Meutrals 7007 ¥ AAA The Goal — Total E - Tracks + Perfect ID photon +Perfect 1D nedtr;
T — gelss it
a4 ¢ gauss
L —genss 1 BE0T
1507 - - lo) \/ — SUIT "
realistic PFA ~ 40%/~NE so0+ 1| A The Goal — Total E - Tracks + Perfect ID photon +Perfect ID netd
14071 = = || | Entries : 3753
: PRA NEJIra s - M5 ReLiral 1 g
150+ Eritries - 1453 550 90,025
WeEn © 3 Faai 29659
1201 Rms : 7 GA05 500°T
"ot pauss 450T 2
ampliude 36.305 54525¢124
1001 e 5 7397 00T B9 996+0.044
ant A [H= 37295 2 656340 0416
: pauss_1 3807 4 8973
BT ampirude 72 167 :
Ul FEEn 2 6265 00T e il 0 /\{ s
0 sipma A 2452 e _P_’Pfﬂ S 23 /ﬁ E
RO+ e 250T
50t amglitvde B5.505+7°0.93 200+
ez ; 5739720 3753
anT sipra:  3.729520 4561 150+
i amplide_1 7215047054
T meEn_1: 26265204054 1 &
204 sipma_1: 8 24520 3364 100 S i M ag I I I
= ok 11231 st
10T
U ' . 01 : o o I' 1
JET B T T Fl LI R Lo [ o = Lo e R 5. 30 35 40 70 75 80 85 50 95 100 105 110 115 120
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Summary

Big progress has been made in the development of PFA (org.lcsim, MarlinReco, PFA
for GLD, PFA @ NIU)

Some PFA implementations have minimal dependence on the detector geometry =>
can be used for detector optimization studies

Desired performance is not yet achieved but we are already much better compared to
LEP detectors (jet energy resolution : 40%/E vs. 60% @ Z pole) and there is still
room for improvements

-~ inclusion of VO and kink finding procedure
- inclusion of tracking in vertex detector and in the forward region

- refining clustering procedure (highest priority)
Issues to be addressed
- PFA performance vs. ECAL & HCAL granularity

- PFA performance vs. jet energy (performance checks with HZ, HHZ, ttbar events @
500 GeVand 1 TeV)

- Simultaneous optimization of ECAL & HCAL design and reconstruction procedure to
obtain best possible resolution for photons and neutral hadrons and reduce

confusion term
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