
11

Jet Energy  Resolution Jet Energy  Resolution 
in  Dualin  Dual--FiberFiber Readout CalorimeterReadout Calorimeter

Anna Mazzacane

Universita’ del Salento

for   INFN   &   FNAL groups 

ALCPG Meeting
Fermilab

22-27October 2007



ALCPG  FNAL Oct. 24, 2007 ALCPG  FNAL Oct. 24, 2007 Anna MazzacaneAnna Mazzacane 22

DREAM  calorimeterDREAM  calorimeter

4th Concept4th Concept
detector for ILCdetector for ILC

Dual ReadoutDual Readout

calorimetercalorimeter
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500 GeV  Di500 GeV  Di--JetJet event displayevent display
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A  Strategy of   Jet  ReconstructionA  Strategy of   Jet  Reconstruction

with   Compensating Calorimeterswith   Compensating Calorimeters

� Assume  the jet  made of  2  non-overlapping  regions 

� Core: region of the calorimeter with overlapping showers 

� Outliers: hit cells separated from the core

� Measure  the  Core energy

using  information  from  the  calorimeter 

� Reconstruct Outliers individually 

using  tracking  and/or  calorimetry

for  charged  or  neutral  particle
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Jet  Jet  ReconstructionReconstruction StrategyStrategy

Jet axis 1

Jet axis 2
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Plans  Plans  for for Jet SJet Studiestudies

�� Use  Compensating CalorimetryUse  Compensating Calorimetry for  ILCfor  ILC

andand Durham jet finder algorithm Durham jet finder algorithm 

�� Study performanceStudy performance

of the calorimeter  and  jet algorithmof the calorimeter  and  jet algorithm

�� Improve  ResolutionImprove  Resolution

withwith proper treatment of  proper treatment of  ““outliersoutliers””

�� Delicate interplay among  tracking, Delicate interplay among  tracking, 

calorimetrycalorimetry, and muon detector, and muon detector

Present 

study

In

progress
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A  Starting Point  for  this  StrategyA  Starting Point  for  this  Strategy

� use   compensating  calorimeter

to  reduce   reduce   fluctuationfluctuation

which dominate  calorimeter resolutionwhich dominate  calorimeter resolution

1. Fluctuation  in the  em shower fraction,  fem

(fluctuations in the π0 content of the cascade)

2. Fluctuation  in  the visible energy

(fluctuations in the nuclear binding energy losses)
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2 2 examples ofexamples of Compensating CalorimetersCompensating Calorimeters

based onbased on Dual ReadoutDual Readout

�� Sampling  Sampling  FiberFiber Calorimeter (HCAL)  Calorimeter (HCAL)  

+ crystals (ECAL)+ crystals (ECAL)

in  4in  4thth Concept Detector  for  ILCConcept Detector  for  ILC

�� Total absorption segmented crystals  (HCAL &  Total absorption segmented crystals  (HCAL &  

ECAL)ECAL)

Used in the 

present studies

DualDual--Readout:Readout: Measure every shower twice Measure every shower twice ––using using ScintillationScintillation light and light and CerenkovCerenkov light.light.
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Dual Readout Dual Readout FiberFiber HadronicHadronic CalorimeterCalorimeter

�Cu + scintillating fibers + Ĉerenkov fibers         

� ~1.5°aperture angle

� ~ 10 λint depth

�Azimuth coverage down to 3.8°

�Barrel: 13924 cells 

�Endcaps: 3164 x 2 cells

Fully projective geometry*In the present studies

4th Concept Hadronic Calorimeter (first version*)
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Number of fibers inside each cell: ~1980

equally subdivided between Scintillating 
and Cerenkov

Fiber stepping ~2 mm

44thth Concept Concept HadronicHadronic Calorimeter CellsCalorimeter Cells
Bottom view of single cell

Top cell size:~ 8.8 × 8.8 cm2

Bottom cell size: ~ 4.8 × 4.8 cm2

Prospective

view of

clipped cell

Cell length: 150 cm

0.3 mm radius

Plastic/Quartz fibers

See C. Gatto’s talk on Thursday (Calorimetry )
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SimulationSimulation
� ILCroot framework

� Pandora-Pythia to  generate 

1. e+e-→ qq (q=uds)     @   60, 100, 140, 200, 300, 500 GeV

2. e+e-→ Z -> qq (q=uds)    @    91 GeV

� Fluka to track particles  in the detectors

� Full Digitization/Clusterization for  VXD, central tracker, and  HCAL

� Full pattern recognition

� Clusterization =  =  collectioncollection of of nearbynearby ““digitsdigits””

� Unfolding of overlapping showers through Minuit fit to shower shape

� Fast rec-points (gaussian smearing of hits) for  Muon detector

See C. Gatto’s talk on Monday (Tracking )



SimulationSimulation ReconstructionReconstruction AnalysisAnalysis

in   in   ILCrootILCroot FrameworkFramework

CERN architecture  (based on Alice’s Aliroot)

Uses ROOT as infrastructure

– All ROOT tools (I/O, graphics, PROOF, data structure, etc)

– Extremely large community  of  users/developers

Six MDCs:   robustness, reliability, portability

Single framework generation,  simulation,  reconstruction,  analysis

Available  from  Fermilab

ilc.fnal.gov/detector/rd/physics/detsim/ilcroot.shtml

www.fisica.unile.it/~danieleb/IlcRoot
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CalibrationCalibration

Energy of HCAL calibrated in 2 steps:

1. Calibrate with single 40 GeV e-

raw EECC and EESS

2. Calibrate with single 40 GeV π−

ηηCC and ηηSS
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ReconstructedReconstructed EnergyEnergy

Once HCAL calibrated,   Calorimeter Energy:
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Jet Reconstruction Performance Jet Reconstruction Performance 

at  Z Pole (at  Z Pole (91 91 GeVGeV))

��Number of jets  foundNumber of jets  found

��Z MassZ Mass

Jet Reconstruction PerformanceJet Reconstruction Performance

for  for  didi--jet jet eventsevents

��Jet Reconstructed EnergyJet Reconstructed Energy

��Jet Energy ResolutionJet Energy Resolution

Calorimeter performanceCalorimeter performance

��Total Reconstructed EnergyTotal Reconstructed Energy

�� Energy ResponseEnergy Response

��Total Energy ResolutionTotal Energy Resolution
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Calorimeter PerformanceCalorimeter Performance

�� Total reconstructed energyTotal reconstructed energy

�� Energy responseEnergy response

�� Energy resolutionEnergy resolution



ALCPG  FNAL Oct. 24, 2007 ALCPG  FNAL Oct. 24, 2007 Anna MazzacaneAnna Mazzacane 1717

Compensation makes 

resolution curves gaussian

e+e-→ qq (q=uds)     @  60, 100, 140, 200, 300, 500 GeV

Entries  570

Mean    59.13

RMS     3.439

 / ndf 2χ  48.75 / 36

Constant  2.02± 36.68 

Mean      0.13± 59.27 

Sigma     0.100± 2.895 

Total Reconstructed Energy (GeV)
40 50 60 70 800
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35

40

Entries  570

Mean    59.13

RMS     3.439

 / ndf 2χ  48.75 / 36

Constant  2.02± 36.68 

Mean      0.13± 59.27 

Sigma     0.100± 2.895 

 = 60 GeVs

Entries  976

Mean     99.1

RMS     5.229

 / ndf 2χ  45.69 / 42

Constant  3.13± 75.75 

Mean      0.13± 99.45 

Sigma     0.101± 3.973 

Total Reconstructed Energy (GeV)
50 60 70 80 90 100 110 1200
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Entries  976

Mean     99.1

RMS     5.229

 / ndf 2χ  45.69 / 42

Constant  3.13± 75.75 

Mean      0.13± 99.45 

Sigma     0.101± 3.973 

 = 100 GeVs

Entries  731

Mean    139.2

RMS     5.584

 / ndf 2χ  50.65 / 51

Constant  1.96± 40.12 

Mean      0.2± 139.7 

Sigma     0.136± 4.404 

Total Reconstructed Energy (GeV)
100 110 120 130 140 150 160 1700

5

10

15

20

25

30

35

40

45
Entries  731

Mean    139.2

RMS     5.584

 / ndf 2χ  50.65 / 51

Constant  1.96± 40.12 

Mean      0.2± 139.7 

Sigma     0.136± 4.404 

 = 140 GeVs

Entries  953
Mean      198
RMS     8.136

 / ndf 2χ  81.94 / 73
Constant  1.73± 38.69 
Mean      0.2± 198.8 
Sigma     0.16±  5.53 

Total Reconstructed Energy (GeV)
140 160 180 200 220 2400

10

20

30

40

50 Entries  953
Mean      198
RMS     8.136

 / ndf 2χ  81.94 / 73
Constant  1.73± 38.69 
Mean      0.2± 198.8 
Sigma     0.16±  5.53 

 = 200 GeVs

√s = 60 GeV √s = 100 GeV

√s = 140 GeV √s = 200 GeV
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e+e-→ qq (q=uds)     @  60, 100, 140, 200, 300, 500 GeV

40.6 %40.6 %45.0 %45.0 %500500

36.7 %36.7 %42.1 %42.1 %300 300 

34.9 %34.9 %39.6 %39.6 %200200

32.7 %32.7 %37.9 %37.9 %140140

34.0 %34.0 %40.1 %40.1 %100100

32.1 %32.1 %37.5 %37.5 %6060

σ/Ε = σ/Ε = σ/Ε = σ/Ε = σ/Ε = σ/Ε = σ/Ε = σ/Ε = αααααααα////////√√EEσ/σ/σ/σ/σ/σ/σ/σ/E =E = αααααααα////////√√EEEECMCM(GeV(GeV))

Entries  489

Mean    297.3

RMS     10.58

 / ndf 2χ  41.73 / 35

Constant  2.20± 37.14 

Mean      0.4± 298.2 

Sigma     0.267± 7.387 

Total Reconstructed Energy (GeV)
220 240 260 280 300 3200
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Entries  489

Mean    297.3

RMS     10.58

 / ndf 2χ  41.73 / 35

Constant  2.20± 37.14 

Mean      0.4± 298.2 

Sigma     0.267± 7.387 

 = 300 GeVs

Entries  362

Mean    495.7

RMS     17.35

 / ndf 2χ  44.33 / 33

Constant  2.35± 33.61 

Mean      0.6± 498.7 

Sigma     0.420± 9.994 

Total Reconstructed Energy (GeV)
350 400 450 500 5500
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40 Entries  362

Mean    495.7

RMS     17.35

 / ndf 2χ  44.33 / 33

Constant  2.35± 33.61 

Mean      0.6± 498.7 

Sigma     0.420± 9.994 

 = 500 GeVs
√s = 500 GeV

√s = 300 GeV

σσσσσσσσ rmsrms9090

(rmsrms9090 : rms of central 90% of events)
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Energy ResponseEnergy Response

ηηcc & & ηηss
Independent Independent 
on Energyon Energy

CM Energy (GeV)
100 200 300 400 500
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100

200
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400

500
p0        3.071± -0.4395 
p1        0.01922± 0.9975 

p0        3.071± -0.4395 
p1        0.01922± 0.9975 

HCAL Total Energy Response

Mean from Gaussian fit  on the Total Energy Distribution

Sigma from Gaussian fit  on the Total Energy Distribution
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Total Energy RTotal Energy Resolutionesolution (Gaussian fit)(Gaussian fit)

CM Energy (GeV)
50 100 150 200 250 300 350 400 450 500
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 / ndf 2χ  3.456 / 4
p0        0.01098± 0.3694 
p1        0.001941± 0.01104 

 / ndf 2χ  3.456 / 4
p0        0.01098± 0.3694 
p1        0.001941± 0.01104 

HCAL Total Energy Resolution

%1/%9.36/ ⊕= EEEσ
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Total Energy RTotal Energy Resolutionesolution (rms(rms9090))

CM Energy (GeV)
50 100 150 200 250 300 350 400 450 500
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 / ndf 2χ  1.869 / 4
p0        0.01058± 0.3118 
p1        0.001592± 0.0112 

 / ndf 2χ  1.869 / 4
p0        0.01058± 0.3118 
p1        0.001592± 0.0112 

HCAL Total Energy Resolution (rms90)

%1/%9.36/ ⊕= EEEσ

%1/%2.31/90 ⊕= EERMS

gaussian fit
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Jets Reconstruction Jets Reconstruction PerformancePerformance

forfor didi--jet eventsjet events

�� Jet Energy   reconstructionJet Energy   reconstruction

�� Energy ResolutionEnergy Resolution
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Di-jet events    e+e-→ qq (q=uds)     @  60, 100, 140, 200, 300, 500 GeV

Entries  1748

Mean    49.57

RMS     4.215

 / ndf 2χ  91.53 / 83
Constant  1.96± 60.54 

Mean      0.09± 49.75 
Sigma     0.075± 3.497 

Jet Reconstructed Energy (GeV)
10 20 30 40 50 60 700
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40

50

60

70
Entries  1748

Mean    49.57

RMS     4.215

 / ndf 2χ  91.53 / 83
Constant  1.96± 60.54 

Mean      0.09± 49.75 
Sigma     0.075± 3.497 

di-jet @ 100 GeV

Entries  962
Mean    29.57
RMS     2.812

 / ndf 2χ  86.09 / 76
Constant  1.4±  29.5 
Mean      0.09± 29.66 
Sigma     0.084± 2.473 

Jet Reconstructed Energy (GeV)
15 20 25 30 35 40 45 500

5

10
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20
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35

Entries  962
Mean    29.57
RMS     2.812

 / ndf 2χ  86.09 / 76
Constant  1.4±  29.5 
Mean      0.09± 29.66 
Sigma     0.084± 2.473 

di-jet @ 60 GeV

Entries  1350

Mean    69.65

RMS     4.949

 / ndf 2χ  83.48 / 51

Constant  3.41± 91.62 

Mean      0.11± 69.91 

Sigma     0.096± 3.917 

Jet Reconstructed Energy (GeV)
30 40 50 60 70 80 90 1000

20

40

60

80

100
Entries  1350

Mean    69.65

RMS     4.949

 / ndf 2χ  83.48 / 51

Constant  3.41± 91.62 

Mean      0.11± 69.91 

Sigma     0.096± 3.917 

di-jet @ 140 GeV

Entries  1720
Mean    98.98

RMS     7.015
 / ndf 2χ  137.8 / 86

Constant  2.17± 62.64 

Mean      0.14± 99.31 
Sigma     0.131± 5.445 

Jet Reconstructed Energy (GeV)
40 60 80 100 1200

10

20

30

40

50

60

70

80 Entries  1720
Mean    98.98

RMS     7.015
 / ndf 2χ  137.8 / 86

Constant  2.17± 62.64 

Mean      0.14± 99.31 
Sigma     0.131± 5.445 

di-jet @ 200 GeV

2 entries/event

Dijet @ 60 GeV Dijet @ 100 GeV

Dijet @ 200 GeV

2 entries/event

2 entries/event

2 entries/event

Dijet @ 140 GeV
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Di-jet events    e+e-→ qq (q=uds)     @  60, 100, 140, 200, 300, 500 GeV

Entries  904
Mean    148.6
RMS     9.215

 / ndf 2χ  64.39 / 51
Constant  2.30± 49.73 
Mean      0.3± 149.1 
Sigma     0.235± 7.552 

Jet Reconstructed Energy (GeV)
80 100 120 140 160 1800
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40

50

60

70
Entries  904
Mean    148.6
RMS     9.215

 / ndf 2χ  64.39 / 51
Constant  2.30± 49.73 
Mean      0.3± 149.1 
Sigma     0.235± 7.552 

di-jet @ 300 GeV

Entries  668

Mean    247.9

RMS     15.43

 / ndf 2χ  112.4 / 81

Constant  1.6±  23.9 

Mean      0.4± 249.2 

Sigma     0.533± 9.385 

Jet Reconstructed Energy (GeV)
120 140 160 180 200 220 240 260 280 3000
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Entries  668

Mean    247.9

RMS     15.43

 / ndf 2χ  112.4 / 81

Constant  1.6±  23.9 

Mean      0.4± 249.2 

Sigma     0.533± 9.385 

di-jet @ 500 GeV

2 entries/event

41.0 %41.0 %45.2 %45.2 %250250

41.3 %41.3 %49.4 %49.4 %150 150 

37.1 %37.1 %42.6 %42.6 %100100

38.0 %38.0 %42.3 %42.3 %7070

39.8 %39.8 %45.0 %45.0 %5050

39.9 %39.9 %43.0 %43.0 %3030

σ/σ/σ/σ/σ/σ/σ/σ/E = E = αααααααα////////√√EEσ/Ε = σ/Ε = σ/Ε = σ/Ε = σ/Ε = σ/Ε = σ/Ε = σ/Ε = αααααααα////////√√EEEEjetjet(GeV(GeV))

Di-jet @ 300 GeV

Di-jet @ 500 GeV

2 entries/event

σσσσσσσσ rmsrms9090

(rms90rms90 : rms of central 90% of events)
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Jet Energy (GeV)
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 / ndf 2χ  17.38 / 4
p0        0.009865± 0.4217 
p1        0.00317± 0.01289 

 / ndf 2χ  17.38 / 4
p0        0.009865± 0.4217 
p1        0.00317± 0.01289 

Jet Energy Resolution

Jet Energy  Resolution    Jet Energy  Resolution    ((gaussiangaussian fit)fit)

%3.1/%2.42/ ⊕= EEEσ

%1/%9.36/ ⊕= EEEσ
No jet finder
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Jet Energy (GeV)
20 40 60 80 100 120 140 160 180 200 220 240 260
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 / ndf 2χ  5.926 / 4
p0        0.01098± 0.3852 
p1        0.005842± 0.006922 

 / ndf 2χ  5.926 / 4
p0        0.01098± 0.3852 
p1        0.005842± 0.006922 

Jet Energy Resolution (rms90)

Jet Energy  Resolution    Jet Energy  Resolution    (rms(rms9090))

%1/%5.38/90 ⊕= EERMS

%1/%2.31/ ⊕= EEEσ
No jet finder
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Jet Reconstruction Performance Jet Reconstruction Performance 

at  Z Pole at  Z Pole ((91 GeV)91 GeV)

� Number of jets  found     with Durham (Ycut = 0.07)

� Z Mass Resolution
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hnpartJets
Entries  1244
Mean    2.068
RMS    0.2523

0 1 2 3 4 5 6
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hnpartJets
Entries  1244
Mean    2.068
RMS    0.2523

# of Jets per event with particles objectsJet-finder on MC particles

hncellJets
Entries  1244
Mean    2.079
RMS    0.2694

0 1 2 3 4 5 6
0

200

400

600

800

1000

1200

hncellJets
Entries  1244
Mean    2.079
RMS    0.2694

# of Jets per event with cells objectsJet-finder on cells

Durham

YCut = 0.07

Number of Jets   Number of Jets   foundfound
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ZZoo Mass    (Mass    (with Gaussian fit)with Gaussian fit)
39.7 %/sqrt(E)

All events, no cuts
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ZZoo MassMass (with  RMS(with  RMS9090))
(rms90: rms of central 90% of events) 32.8 %/sqrt(E)

All events, no cuts
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SummarySummary
� Resolution  with a fiber Hadronic Calorimeter 

Total reconstructed Energy (clustering based on  Calorimeter alone)

σE/E  =  36.9%/√E (σ)  31.2 %/√E (rms90) 

Jet reconstructedEnergy (Calorimeter + Jet Finder)

σE/E  =  42.2%/√E (σ) 38.5%/√E (rms90)

� Improving  Resolution :

Optimize  Performance  of the  Calorimeter

e.g.  measure neutrons  to correct visible energy
(nuclear binding energy losses)

Use information  from  Tracking and Calorimetry

*   low transverse momenta tracks,   decaying tracks (kinks, V0’s), γ’s

*   Leftover *   Leftover muonsmuons leaving the calorimeterleaving the calorimeter

All the detectors 

are in the simulation:

VXD,DCH,HCAL,MUD
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Backup slidesBackup slides
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Total Absorption Dual Readout Total Absorption Dual Readout 

CalorimeterCalorimeter
�� Uniform, integrated (EM+HAD) calorimeterUniform, integrated (EM+HAD) calorimeter

�� High density (~8g/cm3) High density (~8g/cm3) ���� 66--7 7 λλ in  a typical ILC calorimeter gapin  a typical ILC calorimeter gap

�� Linear response to hadrons and electrons (e/h=1)Linear response to hadrons and electrons (e/h=1)

�� Excellent single particle and jet energy resolution Excellent single particle and jet energy resolution 

�� Excellent electron/photon energy resolution  Excellent electron/photon energy resolution  

�� Decoupled energy and spatial measurements of EM showers: three sDecoupled energy and spatial measurements of EM showers: three silicon pixel ilicon pixel 

layers layers 

�� Total absorption calorimeter: minimal reliance on Monte Carlo moTotal absorption calorimeter: minimal reliance on Monte Carlo modelingdeling

�� Longitudinal segmentationLongitudinal segmentation

Courtesy of 

Adam Para
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Possible Calorimeter DesignPossible Calorimeter Design

�� Heavy crystals (PbWO4, PbF2 doped with scintillator)  or Heavy crystals (PbWO4, PbF2 doped with scintillator)  or 

scintillating glass transparent to Cherenkovscintillating glass transparent to Cherenkov

�� Crystal sizes of the order of 2.5Crystal sizes of the order of 2.5××55××5 cm in the EM 5 cm in the EM 

‘‘sectionsection’’ to 10to 10××55××5 cm in the HAD section5 cm in the HAD section

�� All crystals readAll crystals read--out via silicon photodetectors out via silicon photodetectors 

(hermeticity)(hermeticity)

�� Crystals glued into fullCrystals glued into full--depth towers depth towers 
Courtesy of Adam 

Para
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Dual REAdout Module Dual REAdout Module 

(DREAM)(DREAM)

Unit cell

Back end of 
2-meter deep 
module

Physical 
channel 
structure

http://www.phys.ttu.edu/dream/
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Pid IdentificationPid Identification
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(S-C)/(S+C)

e

ππππ

µµµµ
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EECMCM=200 GeV=200 GeV

� Calorimetric Energy + Muon Spctrometer

EEE /%4.36/ =σ

� Calorimetric Energy only

EEE /%6.39/ =σ


