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Part I: Physics @ LC & Highly
Granular Calorimeter

ILC
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@@a Physics @ LC U/L
Higgs? D »[SUSY? D
(Ne (Mo l

Measure as many parameters as possible

LC fills LHC loopholes Extrapolation to GUT scale shows way
to breaking mechanism
LC can see signals of SEWSB
- Measure properties of dark matter
LC sensitive to new gauge sector with high precision
To Y
P Higgs properties guide way
- to model of EWSB
Several models have additional
gauge bosons (ED, little Higgs)

Precision mass &
ew couplings

A LC is needed besides
Klaus Moenig: Physics potential of LC the LHC in any case
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CAL(e2 candidate Linear Collider

Calorimeter for ILC
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 CLIC: Compact Linear Collider, center-of-mass energy: 0.5 - 3 TeV. Warm
technology (Room temperature & gradient ~ 100MV/m, small bunch spacing).

 [ILC: International Linear Collider, center-of-mass energy: 0.5 - 1.0 TeV. Cold
technology (2K & low gradient ~ 31.5 MV/m, large bunch spacing)

« CLIC & ILC: very different accelerators with similar detectors.
30/01/2012 Seminar @ CPPM 4



CAL(@d  Jet resolution & PFA

Calorimeter for IL

Particle Flow Algorithm- Final states in e+e- interaction up to 1 TeV c.m.s

Multi bosons Multifermions + Boson(s)
. ) /H ete"H ,e+e—-Z
Measure jets as collections of Ww wH,wi
. . . 17 ttH
particles, in the best suited ZHH evW
subdetectors 217 = ::fw, wzz
Ejer — Echaroe dtracks + E + E‘h” Di-jet mass for WWwv & ZZvv @ 500GeV
fraction 65%3 26% 9% )

60%/E 30%/E
Charged Particle — Tracker:
A(1/p) ~ 2*10E-5 (1/GeV)
Photon — ECAL:
AE/sqrt(E) ~ 15%
Neutron Hadron — HCAL:
AE/sqrt(E) ~ 50%
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If perfectly reconstructed:

szet=(52(ﬁh.+027 + O%ho gives about 014 E]'et
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CAL

Calorimeter for IL

Jet Energy Resolution 6/Ejet (%)

Resolution & Confusion

O 2threshold

real detector _

G 2confusion

— Energy threshold to be rec. (depends on species)

Real life and - Gzeffluency — loss of particles (not reconstructed)

) Mixing between particles in the calorimeter

eg PFA double counting

S

......

The worst enemy: confusion

0,3
+ TESLATDR 2001 - PFA _LLR
0,25 - JETS with G4 sim. & rec
. PANDORA 2010 - PFA
JETS with full G4 sim. & rec —_
0,2 -
A DREAM : Measured
on single pion
0,15
0,1
H
0,05 + A
A
ILC goa!‘L !
0 T T T T T
E 50 100 150 200 250
Jet Energy (GeV)
J-C. Brient - IWLC 2010
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@@9 PFA Oriented LC detectors I_/I/(L

* PFA: less confusion ~ good separation: C
Granularity > Energy Resolution for the Calorimetry... — > AI'I GO

Calorimeter for ILC

ILD SID

 PFA Oriented detector ( both have ILC/CLIC Versions ):
- ILD (International Large Detector, mostly European + Asia): TPC + Silicon
inner detectors tracking with B = 3.5T/4T
- SID (Silicon Detector, mostly in US): Silicon tracking with B = 5T
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CAL(@d  CALICE: PFA Oriented U/(L

Calorimeter for IL( Calori meter

eqg. ECAL Prototype,
10k channels in a cube
of 18 cm side ~ 1/8 of

Technology tree

‘ PFA Calorimeter I
v

g |

CMS ECAL

v

—

| J Y

Scintillator] | MAPS Scintillator| | RPC Em || Micro

¥
Iron

Scintillator AHCAL with 3 * 3 cm? cell @ DESY

2 GRPC Digital HCAL with 1 * 1 cm? cell: SDHCAL @ EU et al and
30/01/2012 DHCAL @ US 8



(E@g HCAL: Gas Vs Scintillator

Calorimeter for IL

Readout pads
pl ug! :PCB Mylar layer (504) PCB interconnect (1em x 1cm)
PCB (1.2mm) Readout ASIC
|I!I = = | 4 - PCB support (FR4 or polycarbonate 1.5mm) (Hardroc2, 1.4mm)
alignment Tes =
pinS . Gas gap )
S|PM \j E |—.M lar (175) \ Cathode glass (1.1mm)
% yiar " Ceramic ball spacer (1.2mm) + resistive ;oa':ing ( |
. A 0.7
WLS / new T”e Glass fiber frame (1.2mm) : :Zsﬁsﬁ\?:scoaﬂnr;m
-~ IWLC 2010 - M. Vander Donckt
o Gas:
Scintillator:
. _ - High granularity (1*1*0.12 cm3 or smaller)
3*3*0.3 cmé cell size and - RPC: high efficiency, homogeneous, robust...
analogy readout - Low cost: digital or Semi-digital ( channel coded in 1

or 2 bits ) readout...
- Free of direct neutron hits
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% Neutron hits

Calorimeter for IL

]
DRUID, RunNum = 0, EventNum = 9
DRUID, RunNum = 0, EventNum = 9

40GeV Pion @ AHCAL with/without 0.1 mip cut (no time cut) :

I
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/
]
Hit Colour: EM (blue), Neutron (yellow) or hadronic (red) 40GeV P}dn @ DHCAL
y
« AHCAL: Shower center surrounded by lots of low energy J

neutron hits
* Need careful analysis: Confusion & Energy resolution
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SDHCAL Prototype @ EU I_/I/L
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DRUID, RunNum
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~500k channels!

10k channels

1k channels
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Calorimeter for IL
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DRUID, RunNum = 0, EventNum =7
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DRUID, RunNum = 0, EventNum = 8




LIC2  Arbor: shower ~ tree

Calorimeter for |

Same

Topology

DRUID, RunNum = 0, EventNum = 23

20 GeV Klong reconstructed @ DHCAL

« Start from Mirco structures: Full usage on high granular information

* Original idea from Henri Videau, in hadronic shower reconstruction @ ALEPH




@@9 Reconstruction of branches

Calorimeter for IL

DRUID, RunNum = 0, EventNum = 12

e Arbor: Promising branch tagging, with lots of
potential applications

* In situ Calibration/Stability monitoring
« Kink & Pre interaction tagging

e Track — Cluster linking

e Calo Tracks Measurement:

- Energy Estimation ~ Leakage correction
- EM/Had hits tagging

o

« Momentum reconstruction with Fit (J. Sniff,
Princeton/LLR)

As00[= T
-

« Using Pratt fit method + error calculation 2"“"
Ieakage Correctlon US|ng 1 sz DHCAL Ce”S '240031?':"f.f::"ﬁf“ﬁf e T

=2600 e d ke b i b b Ly
1500 1600 1700 1800 1900 2000 2100 2200 23ﬂﬁ\
m

Xm
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E@Q Arbor: pion reconstruction

Calorimeter for |

DRUID, RunNum = 0, EventNum = 2
DRUID, RunNum = 0, EventNum = 2

3 —prong tau (90GeV ) @ /7
Simulation/Arbor Reconstruction f'-u;‘f u

N

Merging Branches together : Reconstruction of Shower @ Calo

30/01/2012 Seminar @ CPPM




Lie2 Separation

Calorimeter for |

DRUID, RunNum = 0, EventNum = 21

Heavy EM Jet:
MCParticle +

SimuCaloHits




E@e Arbor: Separation

Calorimeter for |

DRUID, RunNum = 0, EventNum = 21

MCParticle +
Arbor

Ultimate goal of Arbor: High-precision
PFA with high granular calorimetry...



@@9 Ghower particle: to L/I/(L

Calorimeter for ILC intetact Ot n Ot

........ shower ~ self similar (Mandelbrot Set)
..... Measure shower Fractal Dimension (FD) at high
granularity calorimeters

..... « Count Number of hits at different scale
(define RNx = Nlmm/Nxmm)
» Varying scale by grouping neighbouring cells

30/01/2012 Seminar @ CPPM 19



I C:

Calorimeter for IL

Characteristic constant
based on energy/PID:

D =<InRNdIn(@) >+ 1

* Global parameter based on
local density

e Cell Sizes: 2 - 10, 20, 30,
50, 60, 90, 120, 150mm.

« Samples: Particles shot

directly to GRPC DHCAL
with only B Field

Be observed within

* Low scale: minimal interaction energy & sensor layer thickness ( 1.2mm )

I\I1 mml Nx

10

Shower: Self Similar

Ratio of NHits Vs Cell Size for €', t* and p*

[ L LITTL

20GeV " |l i '
10GeV e’
5GeV e’
2GeV e'
40GeV p*
5GeV p*
2GeV p*

_rms as error bar

40GeV 1 |t . S s =

20GeV |
10Gevnr [
sGeVr | F 1A

e High scale: full containment ~ 1 hit per layer

30/01/2012

Seminar @ CPPM

1
CellSize/mm
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Calorimeter for IL

CALI(e9 Fractals in Nature

\\\\\\\\\\\\\\\ AR ., " - “ - -
~ ‘\ o -
- -
1 - ) ) - - -
[N - -, - — -
v . - -
\ . -~ ':": -
Muon (2 GeV) S Sl
. ' I - = - -
Dim~1 . = T
A e D = LR ez
. ok =
“ ‘r‘:;-_.,. *
g, A
. - -
et
T e k
L

Curvelline:
Dim=1

f

",
ol
1]

£
Y VR

Positron ( 40GeV )
Dim ~ 1.75

Rectangle:

Dim =2

30/01/2012 Seminar @ CPPM 21



Calorimeter for IL

\ NHit, Vs Fractal Dimension for 40GeV Particle ]

2 09r FD -1 =0.68,
= N1 =500
0.8-
0.7=
065
C '.1:
0.5 o
E b
0.45
E + 40GeVe
C + 40Gel/
0'35 - 40GeVK]
0.2: + 4OGEVL1*
0.15
0: 1 | | | | | | | 1 | | | 1 1 ‘ | | 1 |
0 0 1000 1500 2000 2500

NHit

mm

FD together with other info ( Nhits ): Clear separation at different scales

NHit,. Vs Mean Slope (10mm) for 40GeV Particle Klong
‘ 10mm pe (1omm) | Entries 1000
o 1Ir Meanx  400.8
o F _ Meany 0.4978
S09- FD = 1.68, |usx e
B E N10 = 150 [RMSy 0.0825
E 08
[] C
2 (75
0.6;
05—
04E .
: + FD_10mm: fram
03= Counts at 20,
0t § 30, 50, 60, 90,
. 120, 150mm
e cells
7\\\‘\\H\\‘\H‘H\‘\\\\\\\\‘\H\‘\\‘\\H
00 100 200 300 400 500 600 700 800 900 1000

NHit,,

Remark: Energy dependent Cuts, easier for charged particles

1mm e+ u h 10mm | e+ u h
e+ 998 0 2 e+ 1000 0 0
u 1 994 5 u 0 995 )
h 15 14 971 h 17 14 969
30/01/2012 Seminar @ CPPM

Potential tool for PID

‘ NHit,, Vs Mean Slope (30mm) for 40GeV Particle Klong
Entries 1000
o It Meanx 2333
p - Meany 04931
%0.95 RMSx  49.42
n RMSy 0.07522
£ 08
0 C
201 N30 - FD*200 =40,
06t FD = 1.5, N10 = 100
05— ]
04 “FD_30mm:;
03— from Counts
b at 60, 90,
B 120, 150mm
0.1 g cells
0: (! ‘ T ‘ L1l ‘ L1l ‘ L 11 111 ‘ L ‘ (!

0 50 100

150 200 250 300 350 400 450 500

NHit,,
30mm | e+ h
e+ 1000 0
u 0 996 4
h 18 11 971
22



CALi(eo FD @ different size

Calorimeter for IL
| Fractal Dimension of 40GeV 1, r, and e* |

100

80

60

40

20

Entrles 1000
Mean 0.5001
RMS 0.0767

Pion

\ Fractal Dimension (from 10 mm Cell) for p, = and e’

positron

Entries 1000
Mean 0.4765
RMS 0.08914

Positron

Entries 1000
Mean 0.7453
RMS 0.02153

Entries 1000
Mean 0.7697
RMS 0.03415

muon

Muon

Entries 1000
Mean 0.1956
RMS 0.08048

Entries 1000
Mean 0.07475
RMS 0.06489

0.9 1
FD

From FD( 1mm ) to FD( 10/30mm ):

Positron Peak Smeared

Better u — h separation: py acts more like a
line (FD =1); ( Anyhow we can create

large cells from small ones... )

Tt: continuous distribution from MIP to EM

30/01/2012

Semir
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o

FD

| Fractal Dimension (from 30 mm Cell) for p, mand e” |

Pion

Entries 1000
Mean 0.4689
RMS 0.07833

Positron

Entries 1000
Mean 0.6973
RMS 0.06168

Muon

Entries 1000
Mean  0.04362
RMS 0.05142

o




CALI(e92  Extreme Cases: Pion

Calorimeter for IL

/L Fractal Dimensions (-1) for 40GeV n DRUID, RunNum = 0, EventNum = 112
DRUID, RunNum = 0, EventNum = 388
£ T .
o.9" I1o
0.8
0.7- ] J®
k060
- 6 ’
0.5
0.4
: I. 4
0.3
0.2 ", 2
0.1
o:IIII|III\‘\\\\‘IIII|IIII|IIII|IIII|IH\‘H\I|IIII 0
0 0102 03 04 05 06 0.7 08 09 1 .
FD10mm

* Pion: MIP, Pion decay;

 EM interaction ( pi + N = P + pi0 ); partially identified by interaction point tagging
30/01/2012 Seminar @ CPPM 24



CALI(e92  Extreme Cases: Muon

Calorimeter for IL

l

DRUID, RunMum = 0, EventNum = 547
DRUID, Runl\*um =0, EventNum = 535 DRUID, RunNum = 0, EventNum = 367

i

J
]

b

i - - | Fractal Dimensions for 40 GeV 1 |

| |

3
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1 0.3 f m 20
15
0.2
k 10
0.1 5
0 | | | | L1 11 ‘ I ‘ | | 0
0 0.1 0.2 0.3 0.4 0.5
FDsomm

ﬂnn'ﬂnlﬂnnngg“u

Muon radiation & String noise (electrons trapped in gas layer)...
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(E@g Energy Estimation with Naive

Calorimeter for IL CO U nti n g

= ¢ s
5] g g g g g 5 5 w 2 s
0.4k [ —— Tmim Cell 1S T |
[ i i i i i — 2mm Cell B — 1Tmm Cell
- 5mm Cell R R ——ommecanl L
0.35| —— 10mm Cell { 1 '8_ : 2mm Cell
- 30mm cCell B 5mm Cell
B — 50%/$qrt(E) = — 10mm Cell
0.3F ;o a 1.6 - B S S e R 3ommcell |t
0.25 AR AN -
- g | E—— USRI BN SSS S—.S. S—_——
0.2\ N\ N
- 1.2
015
0.1 I
T e 0.8
0:IljilIIL|IIII|IIII|[III|]III||_III|]IIIiIII :IIIIiIIIIIIIIIIII|||||||||||||||||||
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 710 80
En/GeV En/GeV

o/M: Large cell better at low energy & Smaller cell at high energy.
Linearity: Better at 2 — 5 mm, stronger saturation effects at larger cell...

Naively: 5mm seems a nice choice...
30/01/2012 Seminar @ CPPM
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Calorimeter for IL

CALI(€2 ED for Energy Estimation

NHit,, Vs Mean Slope for 40GeV Particle ' (550*"MeanSlope + NumReSizeHit[10])/516 |
o 1Ip =
g go—| NH_30mm S
& 0.9 =
c - = | Entries 1000 Entries 1000
8 0.8 80—
= — [ | Mean 1 Mean 1.001
0.7 10
= = | RMS 0.2023 RMS 0.08872
06 28%/sqrt(E) @ FD1mm 60—
= 35%/sqrt(E) @ FD10mm = | 22/ ndf 189.5 /122 %2 I ndf 43130
0.5 — % q . 50?
"~ If energy is known... = | Prob 8.698e-05 Prob 0.05856
0.4 ;7 40? Constant 13.66 + 0.66 Constant 84.11+ 3.68
0.3 30? Mean 1.013 + 0.007 Mean 1.014 + 0,001
0.2 20% Sigma  0.1893 + 0.0073 Sigma  0.04416 + 0.00129
0.1 10—
—1 =
0:| L R I I TS N O TR T N N 07 LY Y P [ n R I
0 20 400 VOO 800 1000 1 0 0.2 04 06 038 1 1.2 14 1.6 138 2

For example: Compensation based on the correlation of NH_30mm & FD1mm:
E=a*NH _30+b*FD ~ 30%/sqrt(E)! But...

Correlation coefficient depending on Energy: b ~ 0.0266*E. To measure cluster
energy of charged particle (with track info): to improve track-cluster linking...

Energy independent ( LO ) estimator: E =a' * NH_x/(1 — FD*b")

30/01/2012 Seminar @ CPPM 27



Energy Estimation with FD L/V(L
Correction

= [ i )
= :[ 5 | | | | L 2
0.35 5mm Cell 1 i 5mm Cell
E 10mm Cell o =— 10mm Cell
0.3fh | 18
B 10mm @ FD Correction - 10mm @ FD Correction
025N\ b 1.6[
0.2\ BN - { 14
: A\
0.15 o - 1 1.2
- ~ - iy
0.1 T - H// —
e A " 1 osf
ool |l |1()| |l |2()| |l I3()I [ I4()I |l I":-,()I |l IG()I |l |7()| [ IB()I [ 0 10 20 30 40 50 60 70 80
En/GeV En/GeV

Hand put Energy Estimator with FD: NH10/(1-0.65*FD10)
Energy resolution improved at high energy: ~ saturation effect correction
Linearity improved: closed to 5mm Cell

30/01/2012 Seminar @ CPPM 28



% Summary l./l/(L

 DHCAL with extremely high granularity: Valid @ Simulation and TB data

* Huge reconstruction potential at high granularity calorimeter...

e Arbor:
- MIP tagging with lots of potential application:

* Energy Estimation,
» Leakage correction

- Future PFA Framework: Better separation, pattern recognition
* Fractal Dimension:

- Promising PID
- Track-clustering matching & energy estimation
- Not fully investigated...

 Your dreamed but never realised algorithms

30/01/2012 Seminar @ CPPM 29
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Spare Slides

30/01/2012

j Simulated Calo Hits HealBarrelHits
EventNum=5, SubDetector=HcalBarrelHits
Hit Energy = 4.300e-01 ke¥ ~ 0.000e+00 Mip, Thresh = Oe+00 kel

MCPID = -211, MCenergy = 4.027
QriginPID = 11, OriginEnergy = 180.000
-1340.487 mm, PosZ = -265.000 mm, Stavehum = 0, Originindex = 0

Pos¥ =-1143.208 mm, Posy

DRUID, RunNum = 0, EventNum = 27

Seminar @ CPPM
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CALI(e2 Reconstruction Software

Calorimeter for IL

e Goal: develop & optimize the reconstruction chain for ILD with SDHCAL

e Status & Plans:

« Detailed simulation and Digitization with experimental input

 PandoraPFA ( Currently Best PFA for the LC ) adapted & to be optimized

v F
T L L L L

Zm i 20 i N zw70; =
100 — o B
[ —ZThr UDS @ AHCAL 1} 1 100~ —360GeV UDS @ AHCAL ] [ —500GeV UDS @ AHCAL
i i 1 I 1 60 .
80 _pHcAL ] gol. —DHCAL | gof PHCAL
60/ N I B
o 60— . 40:
I i 30p
4o ) a0 4 F
; | r
| ! I 20
20? | I 20— — 10:
i 3 i i -
a o lmzo ool Gl | AAM | p [ e s oy sl L ol BB |, ] B TR T TR ™R
50 60 70 80 90 100 110 120 200 250 300 350 400 0 350 400 450 500 550
En/GeV En/GeV En/GeV

« Huge potential to improve

- Shower Clustering & Reconstruction: Arbor
- PID & Energy Estimation: impaction from Shower Fractal Dimension
* Druid ( event display ): heavily employed in algorithm development

30/01/2012 Seminar @ CPPM 32



Calorimeter for IL(

String Noise: Typical in gaseous detector: charged patrticle tripped In the gas layer
( display of 1mm hits Information )

Roughly improve 5% - 10% on Energy Resolution by Cleaning
30/01/2012 Seminar @ CPPM
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Calorimeter for IL

CALI(eo Double counting

(Evt 286) 2 PFOs, Identify as :
100GeV Pion (80.7GeV cluster) + "

45GeV Neutron (45.4GeV) | T - Bvt2le
Total PFO energy = 145GeV S -~ Simulation level
Seed at deep ECAL Layer... _ \‘\\\\\ ‘.

Y
A ]
Y kY
A »
\\‘\:\i\‘\ N "
o\ \\\Q‘\\h ST

.
A}
A " \ ‘\k LR
TN IR |
UL SR L
\ NS\ MO ‘ \
\‘\\\n\ :
W
[N

aaaaaa Reconstruction: 4 PFOs:
100GeV Pion (86.3GeV) +
28GeV Neutron (24.4GeV) + ...
- Total PFO energy = 130GeV

L]
LRI | [
] s fy
s \
. '!- "n-:':

Clustering
To be improved... BT
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CALi{(eo Interaction based double
Calorimeter for IL CO u ntl n g

(Evt 867) '
Near the Calo Simulation level

Reconstruction level:

15PFOs U CE RN R

Leading PFO (59GeV cluster) - -y 0 00l
identified as 100GeV pion. . - R
Others contribute to double .

counted 32GeV... ‘ o . R

To be improved by fitting the

PFO position & direction... S
if coming from same spatial i -
point ( besides IP ) & Vertex wn Z
Reconstruction in Tracker... |

oy \\
P ;;
| =T
| e \\\ L]
A
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CALi(e9 Even more crazy...

Calorimeter for IL

Evt 646: Interaction N\ - Simulation level
Inside TPC (1/3 of the \

radius)

E -

Confused tracker: 3
LDCTrack found

6PFOs:
2 leading PFO
assigned with tracks + S
cluster, with energy é R
110GeV (40GeV . : S 3
cluster) and 148GeV PEO level N AN '{4*5@31 :
(55GeV cluster) . S A

Totally reconstructed
energy: 264GeV

Judgement on trk quality?
Flag on those kind of evts
Rely more on cluster info?

30/01/2012 To imbrqved Tracking Algorithm



“\\ DRUID, RunNum = 0, EventNum = 7

DRUID, RunNum = 0, EventNum = 8

«,};
g

/ N
Ty -

Part II: Shov@r Reconstructlon at

DRUID, RunNum = 0, eventNum = 12
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