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The Software Environment

=  Generation: Tt 4-Vectors towards the barrel of ILD 00

45° < 0 < 135° v
= Simulation: MOKKA — Geant4 . 7T°
tlcsoft vO1-09
= Reconstruction: Marlin framework
Y

1) Pandora Particle Flow Analysis

Reconstruction of 4-vectors of all visible particles
Identification of particle (photon, electron, neutron, etc...)

2) pi’ mass constrained fitting using MarlinKinFit

Implemented as a Pandora algorithm
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Mass Constrained Fit

= A quick reminder...

: 0
Given process ™ -y, +Y,

We apply mass of t° as constraint C. Then minimize S by
adjusting x' subject to C.

(m) _ (f)\?
e 2_ 2 X. —X.
O,
Our case using E, 0, ¢
gl _ gU) 2 o\ _ gt/ 2 b _ ) 2 g _ g) 2 o™ _ g/ 2 bl — )
S: 1 1 B 1 1 + 1 1 + 2 2 g 2 2 + 2 2
O g O O 41 Op Og2 042
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4.0 GeV 1’ Mass Constrained Fits

= Single " in ILD_00 towards the barrel
= Efficiency of cos(0_ ) cut: 84%

4 GeV 1° - Meas vs. Fit Energy No Tracks, cos(GCM)<0.8, EZ 2>0.178, FitProb>.001

Relative to cos(6_ ) cut

No Tracks 92%
Fit Prob >.001 98%
Low E Cut 99%

Combined 91%

Overall efficiency
IS 77%

Entries 76838

Mean 4,006
RMS 0.1724

hMeasuredE

Entries 76838
Mean 4,003
RMS 0.3434

improved RMS

5.5

Energy (GeV)
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Fitting Multiple t’'s
What happens if we apply this to a more realistic
situation? How well can we do?

Consider 91.2 GeV Z° -> q g-bar, q = uds

Extract and simulate the prompt t’s and apply fitting
procedure using truth information

Reconstruction uses improved center of gravity
position estimate

Only match photons energy greater than 50 MeV
Require 95% of energy deposited in barrel

No tracks 1n the event
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Fitting Multiple t’'s
= Overall efficiency of correctly detecting
photons

_single PFO identified as photon
all photon events with no tracks

Photon ID Efficiency (Pandora Photons, No Tracks)
Entries 72435

Mean 0.3361
| RMS 0.7982

~90% Efficiency
between
180 MeV < E <10 GeV
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Fitting Multiple t’'s
Results of procedure on 91.2 GeV Z° -> q g-bar

(Tt° contribution only, 95% energy in barrel,
50 MeV minimum energy, no tracks)

0.0027128
4 0.19312 : : : : : : :
i| Underflow 0 3 i1 Underflow
| Overflow 27 : g g g ; | Overflow
‘| %2/ ndf 147.7/ 77 i %2/ ndf 294.5/78
i| Prob 2.292e-06 g ; : ; ; i1 Prob 6.997e-27
i| Constant 4326+ 5.4 : : ’ i i ’ i| Constant 608.2+ 8.4
| Mean -0.003039 + 0.001862 i| Mean 0.005159 + 0.001298
;| _sigma 0.1824 + 0.0014 : i i : : i|_Sigma 0.1278 + 0.0012

W
(=
o

1

0.6 08 T 08 -0.6 -04 -0 ) . ;
o= (E -Eo)/\ E o = (E,E'c)\Eg

Improvement in : .182 -> .128

(Using truth information)

Brian van Doren LCWSI11 29 Sep 2011 8



Fitting Multiple t’'s

Fraction of n° Energy Fitted Per Event | hFrac |

Entries 10059

Mean 0.7967
RMS 0.2045
Underflow 0
Overflow 0

Fraction of overall energy that 1s fitted
1s 79%. Some loss due to 1%

probability cut and also undetected
photons.

MEE Fraction of T¥'s fitted (59%) suggests
33337237"5 3 fitting favors the higher energy
pions, this is likely due to lost low

energy photons




Fitting Multiple t’'s
= Exploration of matching procedures that do not use
truth information

= The challenge: Enumerate over all potential event
solutions and determine the “best™

= Some basic restrictions:

Minimum photon energy 50 MeV
95% of energy deposited in barrel

Accept potential fits with greater than 1% fit
probability

No tracks
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Fitting Multiple t’'s

= Photon Matching Procedure

Brian

1 Perform kinematic fits on all photon pairs
2 Remove fits where fit probability 1s less than 1%

3 Generate all potential solutions by combining
remaining pairs such that each photon 1s used at most
once

4 “Score” each solution and pick the best
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Fitting Multiple t’'s
= Photon Matching Procedure

The collection of all >1% pairs can be modeled as a
graph with vertices and edges

Vertices are photons

probability between
the photons

(correct edges are blue)




Fitting Multiple t’'s
= Photon Matching Procedure
()

° /h 0.17
0.16
059023 0.46
\ ; = 2 - Evaluate all
0.043 i
solutions

0.022

blue = correct
All possible o i

photon-photon pairs \

001 @ 0.039 @ @ 0.039 @
Solution 0.051
D

= Final solution uses each photon
at most once o _ °



Fitting Multiple t’'s
= Several ways to approach scoring ot the solutions:

Evaluated functions involving: fit probability, number
of fits, overall .

Best scoring method so far 1s to consider solutions
with maximal fits and the lowest total *

Example:

Solution a: 6 Fits, x*/6 = 5/6
Solution b: 7 Fits, ¥*/7= 8.2/7
Solution c: 7 Fits, x*/7 = 14/7

Best solution 1s “b”
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Fitting Multiple t’'s
= How does this scale with high multiplicity?
(1.e. many vertices and edges)

= We use the matching algorithm Blossom V.

Finds perfect match with minimum cost (%)

For n vertices and m edges, worst case complexity 1s
O(n’m) but on average is better than this

Most graphs require modification to guarantee perfect
match exists

Vladimir Kolmogorov. Blossom V: A new implementation of a
minimum cost perfect matching algorithm. Mathematical
Programming Computation (MPC), July 2009, 1(1):43-67.
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([ [ [ '
Fitting Multiple t’'s
= Modification to guarantee perfect match
Perfect match: Solution uses each vertex exactly once.
Most graphs from detector data do not allow this

Modity by duplicating graph and linking each vertex with its duplicate

G. Schifer. Weighted matchings in general graphs. Master's thesis, Fachbereich Informatik,
Universitit des Saarlandes, Saarbriicken, Germany, 2000.

.

@’ This allows

photons to
remain
unmatched if

0.084 0.077
B.23

D21

o S necessary
0.37 o :




Fitting Multiple t’'s

= The complete process




Fitting Multiple t’'s
= Fitting 91.2 GeV Z° using only 1t° photons

Reconstructed Fitted: Blossom5, Max Fits, Min 7>

Fitted Energy Residuals (Seen) (GeV) RMS =0.1194¢.____=-0.0270
90 ‘median

0.0027146
; 0.19312
i| underflow 0
| Overflow 27
| %2/ ndf 147.9/77

2]
o
o

i1 Underflow

i| Overflow

| %%/ ndf 298.9/ 80
i{ Prob 5.178e-27
i| Constant 515.7+7.1
| Mean -0.03131+ 0.00154
i |_Sigma 0.1506 + 0.0014

i| Prob 2.161e-06
| Constant 432.6+5.4
| Mean -0.003037 + 0.001862

0.1824 + 0.0014

blossom.50MeV.alg3
3
o

(2]
(=]
o

6 08 ‘T 08 -06 -04 -0. : 4 06 08 1
o = (E -Eo/\ Eg o = (E,-Ec)/\ E

x=.182 > a=.151
(much better than ALCPG11 numbers)
(recall best possible x = .128)
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Fitting Multiple t’'s
= Overall solution probability 1s nearly flat, similar
to when truth information 1s used.

: 0.5204
: RMS 0.2872
Underflow 0
: Overflow 0




Fitting Multiple t’'s

Fraction of n° Energy Correctly Fitted Per Event

Fraction of ° Energy Incorrectly Fitted Per Event

| hFrac |
Entries 10059
Mean 0.6665
RMS 0.2596
Underflow 0
Overflow 11

Entries 10059
Mean 0.1675
RMS 0.1982
Underflow 0
Overflow 13

1
EL /EY

Fraction of overall energy that 1s
correctly fitted 1s 67% (compared to
79% when cheating) while 17% 1s
incorrectly fit.

What is the impact of incorrect fits?



Fitting Multiple t’'s
= What 1s the impact of incorrect fits?

Blossom5, Max Fits, Min ¥?,

. . 2
Blossom5, Max Fits, Min y Remove incorrect fits

Fitted Energy Residuals (Seen) (GeV) RMSQ°=0.1194 O ian="0-0270

edi:

0.0018544
: 0.16137
i| Underflow 0
i| overflow 28
oI %%/ ndf 285.7 /76
i| Prob 4.815e-26
i| Constant 544.3+ 7.4
i1 Mean -0.004084 + 0.001452
i|_sigma 0.1429 + 0.0013

~
[=3
o

i1 Underflow

| Overflow

| x?/ndf 298.9/80
i{ Prob 5.178e-27
| Constant 515.7+ 7.1
| Mean -0.03131+ 0.00154
| Sigma 0.1506 + 0.0014
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blossom.cheat.50MeV.alg3
2
o

06 08 ‘T 08 06 -04 -0 : 4 06 08 1
o = (E, -Eo)/\ Es o= (E -EQ)\Eq

Primary impact 1s some worsening of
resolution and a small bias in the energy.
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Fitting Multiple t’'s
= Tuning the Algorithm for 91.2 GeV Z°

To minimize fitted sigma, studied range of values for
the following and found optimal:
Fit Probability Cut = 0.01

Single Photon Chi2 = 6.6348 (p = 0.01)

Minimum Photon Energy = ~50 MeV
This 1s 1n region where photon detection 1s not
efficient, but benefits still exist by contributing to
overall matching solution.
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Summary

= On an individual basis, mass constrained fitting can greatly
improve energy resolution of a neutral pion

17.2% to 8.7% at 4 GeV

= Application to multiple °'s from Z° decay in ILD_00 sees
significant improvement in energy resolution

From 18.2% down to 15.1% (compare to cheating 12.8%) using
shower CoG cluster position estimate

Further Study:
Use additional information to inform the matching process
Removal of incorrect fits
Explore higher energies
Cluster splits
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International Large Detector (ILD)

= Detector concept being studied for the International
Linear Collider (electron-positron).

ECAL
2049 Layers S1-W

Active layer segmented
into Smm x Smm
“highly granular”

Typical photon uncertainties

0,=16%VE
0,=12mrad @1GeV
o,=similar, but 0 dependence
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Fitting Multiple t’'s

Overall solution probability is reasonably flat when using MC
truth information

hSolProb
Entries 9945
0.476

. |RMS 0.2862
: Underflow 0
Overflow 0




Fit performance by Energy and Angular

Uncertainty
n? Kinematic Fits (16% error)
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4.0 GeV 1’ Mass Constrained Fits

= Greatest improvement with symmetric decays.

Relative Improvement of 4 GeV n° Mass RMS vs cos(6,,,)

X

¥

] _Greatestenergyresoiutien ......................... 5!6 .............................
Improvement 5 5 5

Lfeast :
Improvement
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Software: Simulation and Reconstruction

= Uncertainty Modeling: Accuracy important for kinematic
fits.

* Energy Uncertainty as function of Energy =~ 2£-:21+0.0095

VE
Fitted 6. / E.=p0 + p1 X

o 0.24
w

o 0.22

0.2

0.18

0.16

0.14

012 2/ ndf = 6.982 / 6

0.1
0.08 _ | : :
0.06 p0  0.009497 + 0.0009053
0.04 5 : : :
0.02
0

Prob 0.3225

p1 0.151+ 0.001555
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Software: Simulation and Reconstruction
= Uncertainty Modeling: Phi

“Turns over” or “flattens out” at low energies

Fitted ¢ Uncertainty o = p0/E + p1 I\E X2/ ndf = 27.09 / 18

Prob 0.07741

-0.4249 + 0.006985

1.602 + 0.009527
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Software: Simulation and Reconstruction
= Uncertainty Modeling: Theta

Want smooth function
H ypoth es | S: o . -0 b as 0 -1t / 2 Fitted 6 Uncertainty o, = po\ (0.696 sin(6))? + 0.4 (2:207<E _<3.652)
g,—0 as 00 o : | ' | | '

Try: 62=091°(o)sin(0)+0.4]

Fitted 6 Uncertainty 5 = po\f (1.432 sin(0))? + 0.42 (0.294<E _<0.487)

2indf=1112/7
: : : : : : i : g . : : Prob 0.1335
= H : : : : : 8 g 3 g g g

135 PO 0.9261+ 0.01008

1.4

1.3

2/ ndf =2.767 / 7
Prob 0.9057
po 0.9078 + 0.01151
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Fitting Multiple t’'s

Using truth information, |
matching is about 80% RCRE] MRS T AR e S s

Oyerflow 0

efficient for 8 pi0's at 4
GeV

Why 1s 1t not 100%?

e*e pair production

low energy photon . T Tandun
cut (180 MeV)

Base 1% fit
probability cut
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Fitting Multiple t’'s

Number of n° Fits Per Event (No Tracks)

Entries
Mean
RMS

Removing events with rerton
tracks increases —
efficiency to ~84%

Number of =° Fits Per Event (No Tracks, Emin>0.180)

9
Number of Fits

Entries 2831

o 77 Additionally, removing
oueriow __o events with photons

below 180 MeV results
in ~91% efficiency

Number of Fits

Consistent with binomial distribution where

p = .99% suggesting 1% cut responsible for
remainder
Brian van Doren LCWSI11 29 Sep 2011 33
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Fitting Multiple t’'s

Measured Energy Residuals (8 x 4GeV n”’s) RMS, =0.139 Ehtaecoscaleg:% At 8 O q t .
ntries
cray sidual 6 x 4GV 1) S, 0199 | o matching

Ouerton” efficiency the energy
uncertainty (RMS)
improves

x=17.5%

.ée ojs 1 tO

o = (E,-Ec)/\ Eg

| hFitScaledE |
Entries 9999
Mean 0.004725 u — 1 3 ° 5 %
RMS 0.1352
Underflow 0

Overflow 0

- 0.6 08 1
o = (E, -Ec)/\ Eq




Fitting Multiple t’'s

= Comparison to truth information (8 x 4 GeV mt"'s)

Max Fits, Min > Truth Information

Fitted Energy Residuals (8 x 4GeV n”s) RMS_=0.106
90 Entries 9999 Entries 9999

0.002549 1 ’ : i H 7 7 i Mean 0.004725

RMS 0.1366 ' : 3 g g g : ] RMS 0.1352
Underflow 0 { Underflow 0
; ; | : Overflow 0

06 08 1 -1 -08 -06 -04 -0 : 4 06 08 1
o = (E,Ec)/\ Eq o = (E,-Ec)/\ Eq

Performance 1s nearly 1dentical
(for this situation)

x=.137 vs. x=.135
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Fitting Multiple t’'s
= How do these efficiencies vary with multiplicity
and energy?

4 GeV 1t”s
# of s
per event
% m%s Fit
Unfitted «
Fitted «
0 Angular resolution limits
3 TT"'s per event e high cnorey fits
Energy 4 8 32
(GeV) «_ _AE
70 s Fit 80 /8.3 63.6 46.3 VE E

Unfitted « A75 179 189  20.8
Fitted « 135 162 197  20.8 36



Fitting Multiple t’'s
= How does this method compare to using truth

information?
4 GeV 1t"'s

# of m¥'s 2 4 8
% s Fit 79 79.5 79.3

% Correct 79 79 78.0
Cheating 79 79 80

8 t's per event

Energy 4 8 16 Prett d!
o retty good!

% s Fit 79.3 79.0 66.3

% Correct 78 77.9 63.6
Cheating .80 /8.3 63.6
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