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Electromagnetic Calorimeter for DUNE ND

• The design and the readout of the ECAL presented in
this talk is based on erstwhile FGT ECAL

• ECAL is required for the identification of EM showers
(e−/e+, γ showers) & for reconstruction of neutral
hadrons such as π0

• Forward & Backward ECAL modules are made of
alternating layers of lead and plastic scintillators
(XYXYX... config). ’60’ layers for Forward and ’16’
for the Backward ECAL

• Each of the extruded plastic scintillator bars of all
layers are readout by a WLS fibre and photon
counters (MPPCs), attached at ends.

• expected energy resolution ≈ 6%/
√

E for the
Forward ECAL

• provide high segmentation on lateral & transverse
directions for reconstruction
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DUNE-ND ECAL
Detector Geometry Optimization

• Forward ECAL design with 160 plastic
scintillator bars of dimensions (25 mm X 10
mm X 4000 mm) with lead sheets of 1.75
mm as absorbers (initial design)

• GEANT4 detector optimization was carried
out with varying thickness of scintillation
bars (10 mm, 15 mm, 20 mm) and
Absorber sheet thickness (1 mm, 1.5 mm,
1.75mm, 2 mm) keeping the overall
dimension fixed at 4000 mm X 4000 mm x
60 layers

• Simulations with different Absorber
materials (Lead, Copper, Stainless-Steel)

• Use γ and π0 particles in GEANT4 to study
the energy resolution, shower containment,
position resolution and angular separation
of the gammas in the π0 reconstruction.

• Complete ECAL geometry from CDR 2015
on right (bottom:sideview, space between
modules is for visualization only)
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DUNE-ND ECAL
Detector Geometry Optimization

front view Forward ECAL

between ECAL modules other detectors (like the STT) may be placed

Close up Forward ECAL

γ interaction in Forward ECAL
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Forward ECAL: Detector Optimization
Energy Deposited for different configurations of absorber & scintillator (best 4)

γ Edep for Cu as Abs [2.0 cm Sci + 3.0 mm Abs]

htemp
Entries  10000
Mean    368.2
Std Dev     18.81

 / ndf 2χ  142.1 / 47
Constant  13.9±  1104 
Mean      0.2±   369 
Sigma     0.12± 16.39 
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Constant  13.9±  1104 
Mean      0.2±   369 
Sigma     0.12± 16.39 

Total energy deposition on ECAL for 700 MeV Gamma

htemp
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Mean    688.7
Std Dev     29.09
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Constant  18.6±  1461 
Mean      0.2± 690.4 
Sigma     0.18± 23.35 
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 / ndf 2χ  175.7 / 41
Constant  18.6±  1461 
Mean      0.2± 690.4 
Sigma     0.18± 23.35 

Total energy deposition on ECAL for 1400 MeV Gamma
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Std Dev     43.26

 / ndf 2χ  335.7 / 52
Constant  18.6±  1455 
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 / ndf 2χ  335.7 / 52
Constant  18.6±  1455 
Mean      0.3±  1011 
Sigma     0.23± 29.15 

Total energy deposition on ECAL for 2100 MeV Gamma

htemp
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Mean     1324
Std Dev     52.27
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Constant  14.0±  1057 
Mean      0.4±  1331 
Sigma     0.30± 35.39 
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 / ndf 2χ  437.3 / 66
Constant  14.0±  1057 
Mean      0.4±  1331 
Sigma     0.30± 35.39 

Total energy deposition on ECAL for 2800 MeV Gamma

γ Edep for Pb as Abs [1.5 cm Sci + 1.5 mm Abs]
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Entries  10000
Mean    381.1
Std Dev     18.44

 / ndf 2χ   63.7 / 47
Constant  10.2± 817.1 
Mean      0.2± 381.3 
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 / ndf 2χ   63.7 / 47
Constant  10.2± 817.1 
Mean      0.2± 381.3 
Sigma     0.13± 17.71 

Total energy deposition on ECAL for 700 MeV Gamma
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Std Dev      27.5
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Constant  16.4±  1303 
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Sigma     0.19± 24.92 
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 / ndf 2χ  74.52 / 34
Constant  16.4±  1303 
Mean      0.3±   714 
Sigma     0.19± 24.92 

Total energy deposition on ECAL for 1400 MeV Gamma
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Std Dev     34.65
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Constant  14.7±  1169 
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Sigma     0.23± 29.97 
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Std Dev     32.81

 / ndf 2χ    129 / 41
Constant  14.7±  1169 
Mean      0.3±  1046 
Sigma     0.23± 29.97 

Total energy deposition on ECAL for 2100 MeV Gamma

htemp
Entries  10000
Mean     1374
Std Dev      45.7

 / ndf 2χ  180.1 / 45
Constant  17.8±  1397 
Mean      0.4±  1377 
Sigma     0.3±  35.9 
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 / ndf 2χ  180.1 / 45
Constant  17.8±  1397 
Mean      0.4±  1377 
Sigma     0.3±  35.9 

Total energy deposition on ECAL for 2800 MeV Gamma

γ Edep for Pb as Abs [1.0 cm Sci + 1.5 mm Abs]

htemp
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Mean    307.6
Std Dev     17.42

 / ndf 2χ  55.27 / 50
Constant  9.4± 749.6 
Mean      0.2± 307.8 
Sigma     0.12± 16.67 
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Mean    307.6
Std Dev     17.44

 / ndf 2χ  55.27 / 50
Constant  9.4± 749.6 
Mean      0.2± 307.8 
Sigma     0.12± 16.67 

Total energy deposition on ECAL for 700 MeV Gamma

htemp
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Mean    575.1
Std Dev     25.72

 / ndf 2χ  113.5 / 36
Constant  15.9±  1275 
Mean      0.2±   576 
Sigma     0.2±  23.2 
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 / ndf 2χ  113.5 / 36
Constant  15.9±  1275 
Mean      0.2±   576 
Sigma     0.2±  23.2 

Total energy deposition on ECAL for 1400 MeV Gamma

htemp
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Mean    840.9
Std Dev     33.73

 / ndf 2χ  172.6 / 55
Constant  11.4± 899.6 
Mean      0.3± 842.6 
Sigma     0.2±  29.2 
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 / ndf 2χ  172.6 / 55
Constant  11.4± 899.6 
Mean      0.3± 842.6 
Sigma     0.2±  29.2 

Total energy deposition on ECAL for 2100 MeV Gamma
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 / ndf 2χ  232.9 / 45
Constant  19.6±  1543 
Mean      0.4±  1109 
Sigma     0.26± 34.34 
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 / ndf 2χ  232.9 / 45
Constant  19.6±  1543 
Mean      0.4±  1109 
Sigma     0.26± 34.34 

Total energy deposition on ECAL for 2800 MeV Gamma

γ Edep for Stainless-Steel as Abs [2.0 cm Sci + 4.0 mm Abs]
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Mean    331.6
Std Dev     17.97
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Constant  11.2± 888.2 
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 / ndf 2χ  79.27 / 53
Constant  11.2± 888.2 
Mean      0.2± 332.1 
Sigma     0.13± 16.49 

Total energy deposition on ECAL for 700 MeV Gamma
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Constant  17.6±  1382 
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Mean      0.2± 621.9 
Sigma     0.18± 22.87 

Total energy deposition on ECAL for 1400 MeV Gamma

htemp
Entries  10000
Mean    909.4
Std Dev      32.9

 / ndf 2χ  141.1 / 54
Constant  12.3± 963.4 
Mean      0.3±   911 
Sigma     0.22± 28.17 

650 700 750 800 850 900 950 1000 1050
Energy (MeV)

0

0.2

0.4

0.6

0.8

1

310×

Co
un

ts

htemp
Entries  10000
Mean    909.7
Std Dev     31.38

 / ndf 2χ  141.1 / 54
Constant  12.3± 963.4 
Mean      0.3±   911 
Sigma     0.22± 28.17 

Total energy deposition on ECAL for 2100 MeV Gamma
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Total energy deposition on ECAL for 2800 MeV Gamma
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Forward ECAL: Detector Optimization
Shower containment for different configurations of absorber & scintillator (best 4)

Layers traversed for Cu as Abs [2.0 cm Sci + 3.0 mm of Abs]

Depth
Entries    1.014755e+07

Mean    20.09

Std Dev      11.3

 / ndf 2χ   1263 / 50

p0        150.8±8864 − 

p1        2.864e+02± 2.334e+04 

p2        106.3±  5822 

p3        16.1±696.6 − 

p4        1.27± 28.57 

p5        0.0569±0.4882 − 

p6        0.0015213± 0.0001888 

p7        0.0000240± 0.0001178 

p8       07− 2.056e±06 −1.626e− 

p9       10− 7.398e±09 − 7.166e
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 / ndf 2χ   1263 / 50

p0        150.8±8864 − 

p1        2.864e+02± 2.334e+04 

p2        106.3±  5822 

p3        16.1±696.6 − 

p4        1.27± 28.57 

p5        0.0569±0.4882 − 

p6        0.0015213± 0.0001888 

p7        0.0000240± 0.0001178 

p8       07− 2.056e±06 −1.626e− 

p9       10− 7.398e±09 − 7.166e

Layers travelled by 700 MeV Gamma inside ECAL

Depth
Entries    1.892882e+07

Mean    22.23

Std Dev     11.61

 / ndf 2χ   1293 / 50

p0        1.704e+02±1.079e+04 − 

p1        3.295e+02± 3.007e+04 

p2        127.9±  2811 

p3        20.1±   365 

p4        1.62±74.96 − 

p5        0.075± 4.369 

p6        0.0020±0.1275 − 

p7        0.00003± 0.00205 

p8       07− 2.833e±05 −1.742e− 

p9       09− 1.031e±08 − 6.128e
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 / ndf 2χ   1293 / 50

p0        1.704e+02±1.079e+04 − 

p1        3.295e+02± 3.007e+04 

p2        127.9±  2811 

p3        20.1±   365 

p4        1.62±74.96 − 

p5        0.075± 4.369 

p6        0.0020±0.1275 − 

p7        0.00003± 0.00205 

p8       07− 2.833e±05 −1.742e− 

p9       09− 1.031e±08 − 6.128e

Layers travelled by 1400 MeV Gamma inside ECAL

Depth
Entries    2.761147e+07

Mean     23.6

Std Dev     11.81

 / ndf 2χ  545.5 / 50

p0        182.2±9406 − 

p1        3.520e+02± 2.813e+04 

p2        140.5±  3440 

p3        22.7± 640.2 

p4        1.9±103.7 − 

p5        0.087± 5.534 

p6        0.0024±0.1518 − 

p7        0.000039± 0.002323 

p8       07− 3.409e±05 −1.891e− 

p9       09− 1.250e±08 − 6.403e

0 20 40 60 80 100
Layers 

0

0.2

0.4

0.6

0.8

1

610×

Hi
ts

Depth
Entries    2.761147e+07

Mean     24.1

Std Dev     11.81

 / ndf 2χ  545.5 / 50

p0        182.2±9406 − 

p1        3.520e+02± 2.813e+04 

p2        140.5±  3440 

p3        22.7± 640.2 

p4        1.9±103.7 − 

p5        0.087± 5.534 

p6        0.0024±0.1518 − 

p7        0.000039± 0.002323 

p8       07− 3.409e±05 −1.891e− 

p9       09− 1.250e±08 − 6.403e

Layers travelled by 2100 MeV Gamma inside ECAL

Depth
Entries    3.627346e+07

Mean     24.5

Std Dev     11.93

 / ndf 2χ  728.3 / 50

p0        1.957e+02±1.117e+04 − 

p1        3.794e+02± 3.477e+04 

p2        153.6±   514 

p3        25.1±  1432 

p4        2.1±172.6 − 

p5        0.098± 8.547 

p6        0.0027±0.2278 − 

p7        0.000044± 0.003449 

p8       07− 3.915e±05 −2.806e− 

p9       09− 1.442e±08 − 9.554e
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 / ndf 2χ  728.3 / 50

p0        1.957e+02±1.117e+04 − 

p1        3.794e+02± 3.477e+04 

p2        153.6±   514 

p3        25.1±  1432 

p4        2.1±172.6 − 

p5        0.098± 8.547 

p6        0.0027±0.2278 − 

p7        0.000044± 0.003449 

p8       07− 3.915e±05 −2.806e− 

p9       09− 1.442e±08 − 9.554e

Layers travelled by 2800 MeV Gamma inside ECAL

Layers traversed for Pb as Abs [1.5 cm Sci + 1.5 mm Abs]

Depth
Entries    1.056043e+07

Mean    19.63

Std Dev     11.04

 / ndf 2χ   1429 / 50

p0        155.7±5446 − 

p1        2.888e+02± 1.665e+04 

p2        107.2±  8343 

p3        16.3±926.8 − 

p4        1.27± 36.91 

p5        0.0570±0.5735 − 

p6        0.001524±0.002469 − 

p7        0.0000240± 0.0002093 

p8       07− 2.053e±06 −2.685e− 

p9       10− 7.376e±08 − 1.161e
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 / ndf 2χ   1429 / 50

p0        155.7±5446 − 

p1        2.888e+02± 1.665e+04 

p2        107.2±  8343 

p3        16.3±926.8 − 

p4        1.27± 36.91 

p5        0.0570±0.5735 − 

p6        0.001524±0.002469 − 

p7        0.0000240± 0.0002093 

p8       07− 2.053e±06 −2.685e− 

p9       10− 7.376e±08 − 1.161e

Layers travelled by 700 MeV Gamma inside ECAL

Depth
Entries    1.975505e+07

Mean    21.48

Std Dev     11.27

 / ndf 2χ   2804 / 50

p0        182.0±3862 − 

p1        3.369e+02± 1.734e+04 

p2        130.2±  7983 

p3        20.4±151.9 − 

p4        1.64±51.51 − 

p5        0.075± 3.813 

p6        0.0020±0.1209 − 

p7        0.000032± 0.002029 

p8       07− 2.810e±05 −1.769e− 

p9       09− 1.019e±08 − 6.327e
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 / ndf 2χ   2804 / 50

p0        182.0±3862 − 

p1        3.369e+02± 1.734e+04 

p2        130.2±  7983 

p3        20.4±151.9 − 

p4        1.64±51.51 − 

p5        0.075± 3.813 

p6        0.0020±0.1209 − 

p7        0.000032± 0.002029 

p8       07− 2.810e±05 −1.769e− 

p9       09− 1.019e±08 − 6.327e

Layers travelled by 1400 MeV Gamma inside ECAL

Depth
Entries    2.893756e+07

Mean    22.72

Std Dev     11.46

 / ndf 2χ   1941 / 50

p0        197.0±5049 − 

p1        3.640e+02± 2.298e+04 

p2        144.4±  4683 

p3        23.2± 911.8 

p4        1.9±149.2 − 

p5        0.088± 8.159 

p6        0.0024±0.2295 − 

p7        0.000039± 0.003594 

p8       07− 3.399e±05 −2.987e− 

p9       09− 1.242e±07 − 1.031e
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 / ndf 2χ   1941 / 50

p0        197.0±5049 − 

p1        3.640e+02± 2.298e+04 

p2        144.4±  4683 

p3        23.2± 911.8 

p4        1.9±149.2 − 

p5        0.088± 8.159 

p6        0.0024±0.2295 − 

p7        0.000039± 0.003594 

p8       07− 3.399e±05 −2.987e− 

p9       09− 1.242e±07 − 1.031e

Layers travelled by 2100 MeV Gamma inside ECAL

Depth
Entries    3.802942e+07

Mean    23.55

Std Dev     11.56

 / ndf 2χ   1909 / 50

p0        216.8±5844 − 

p1        3.950e+02± 2.969e+04 

p2        158.4±  1789 

p3        25.7±  1750 

p4        2.1±222.1 − 

p5        0.10± 11.27 

p6        0.003±0.305 − 

p7        0.000044± 0.004661 

p8       07− 3.90e±05 −3.81e− 

p9       09− 1.432e±07 − 1.299e
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 / ndf 2χ   1909 / 50

p0        216.8±5844 − 

p1        3.950e+02± 2.969e+04 

p2        158.4±  1789 

p3        25.7±  1750 

p4        2.1±222.1 − 

p5        0.10± 11.27 

p6        0.003±0.305 − 

p7        0.000044± 0.004661 

p8       07− 3.90e±05 −3.81e− 

p9       09− 1.432e±07 − 1.299e

Layers travelled by 2800 MeV Gamma inside ECAL

Layers traversed for Pb as Abs [1.0 cm Sci + 1.5 mm Abs]

Depth
Entries  9667230

Mean    20.97

Std Dev     11.58

 / ndf 2χ   1465 / 50

p0        147.9±3000 − 

p1        2.654e+02± 1.302e+04 

p2        99.9±  5579 

p3        15.4±482.8 − 

p4        1.221± 8.094 

p5        0.0554± 0.4616 

p6        0.00150±0.02489 − 

p7        0.0000238± 0.0005024 

p8       07− 2.053e±06 −4.822e− 

p9       10− 7.432e±08 − 1.831e
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Entries  9667230

Mean    21.47
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 / ndf 2χ   1465 / 50

p0        147.9±3000 − 

p1        2.654e+02± 1.302e+04 

p2        99.9±  5579 

p3        15.4±482.8 − 

p4        1.221± 8.094 

p5        0.0554± 0.4616 

p6        0.00150±0.02489 − 

p7        0.0000238± 0.0005024 

p8       07− 2.053e±06 −4.822e− 

p9       10− 7.432e±08 − 1.831e

Layers travelled by 700 MeV Gamma inside ECAL

Depth
Entries    1.803869e+07

Mean    22.88

Std Dev     11.79

 / ndf 2χ   1771 / 50

p0        174.8±2393 − 

p1        3.099e+02± 1.674e+04 

p2        120.9±  3620 

p3        19.2± 364.1 

p4        1.56±75.89 − 

p5        0.072± 4.379 

p6        0.0020±0.1266 − 

p7        0.00003± 0.00202 

p8       07− 2.793e±05 −1.703e− 

p9       09− 1.021e±08 − 5.948e
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Entries    1.803869e+07

Mean    23.38
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 / ndf 2χ   1771 / 50

p0        174.8±2393 − 

p1        3.099e+02± 1.674e+04 

p2        120.9±  3620 

p3        19.2± 364.1 

p4        1.56±75.89 − 

p5        0.072± 4.379 

p6        0.0020±0.1266 − 

p7        0.00003± 0.00202 

p8       07− 2.793e±05 −1.703e− 

p9       09− 1.021e±08 − 5.948e

Layers travelled by 1400 MeV Gamma inside ECAL

Depth
Entries    2.632653e+07

Mean    24.18

Std Dev     11.93

 / ndf 2χ   1503 / 50

p0        187.3±3157 − 

p1        3.337e+02± 2.062e+04 

p2        133.4±  1423 

p3        21.7±  1061 

p4        1.8±136.7 − 

p5        0.084± 6.953 

p6        0.0023±0.1882 − 

p7        0.000038± 0.002877 

p8       07− 3.350e±05 −2.353e− 

p9       09− 1.233e±08 − 8.027e
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Entries    2.632653e+07

Mean    24.68

Std Dev     11.93

 / ndf 2χ   1503 / 50

p0        187.3±3157 − 

p1        3.337e+02± 2.062e+04 

p2        133.4±  1423 

p3        21.7±  1061 

p4        1.8±136.7 − 

p5        0.084± 6.953 

p6        0.0023±0.1882 − 

p7        0.000038± 0.002877 

p8       07− 3.350e±05 −2.353e− 

p9       09− 1.233e±08 − 8.027e

Layers travelled by 2100 MeV Gamma inside ECAL

Depth
Entries    3.462462e+07

Mean    24.95

Std Dev     11.98

 / ndf 2χ   1438 / 50

p0        201.9±4980 − 

p1        3.600e+02± 2.783e+04 

p2        145.6±1563 − 

p3        23.9±  1787 

p4        2.0±194.8 − 

p5        0.095± 9.269 

p6        0.0026±0.2406 − 

p7        0.000043± 0.003566 

p8       07− 3.824e±05 −2.843e− 

p9       09− 1.413e±08 − 9.498e
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 / ndf 2χ   1438 / 50

p0        201.9±4980 − 

p1        3.600e+02± 2.783e+04 

p2        145.6±1563 − 

p3        23.9±  1787 

p4        2.0±194.8 − 

p5        0.095± 9.269 

p6        0.0026±0.2406 − 

p7        0.000043± 0.003566 

p8       07− 3.824e±05 −2.843e− 

p9       09− 1.413e±08 − 9.498e

Layers travelled by 2800 MeV Gamma inside ECAL

Layers traversed for Stainless-Steel as Abs [2.0 cm Sci + 4.0 mm Abs]

Depth
Entries  9332568

Mean    18.53

Std Dev     10.59

 / ndf 2χ   1493 / 50

p0        154.0±8957 − 

p1        2.900e+02± 2.346e+04 

p2        105.2±  7709 

p3        15.6±1043 − 

p4        1.20± 53.78 

p5        0.05±1.48 − 

p6        0.00140± 0.02328 

p7        0.0000218±0.0002025 − 

p8       07− 1.852e±07 − 8.238e

p9       10− 6.599e±10 −8.001e− 
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Std Dev     10.59

 / ndf 2χ   1493 / 50

p0        154.0±8957 − 

p1        2.900e+02± 2.346e+04 

p2        105.2±  7709 

p3        15.6±1043 − 

p4        1.20± 53.78 

p5        0.05±1.48 − 

p6        0.00140± 0.02328 

p7        0.0000218±0.0002025 − 

p8       07− 1.852e±07 − 8.238e

p9       10− 6.599e±10 −8.001e− 

Layers travelled by 700 MeV Gamma inside ECAL

Depth
Entries    1.743617e+07

Mean    20.58

Std Dev     10.98

 / ndf 2χ   2340 / 50

p0        174.6±7667 − 

p1        3.341e+02± 2.236e+04 

p2        127.2±  8445 

p3        19.7±460.9 − 

p4        1.56±21.58 − 

p5        0.071± 2.465 

p6        0.0019±0.0871 − 

p7        0.000030± 0.001541 

p8       07− 2.581e±05 −1.389e− 

p9       10− 9.304e±08 − 5.088e
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Entries    1.743617e+07

Mean    21.08

Std Dev     10.98

 / ndf 2χ   2340 / 50

p0        174.6±7667 − 

p1        3.341e+02± 2.236e+04 

p2        127.2±  8445 

p3        19.7±460.9 − 

p4        1.56±21.58 − 

p5        0.071± 2.465 

p6        0.0019±0.0871 − 

p7        0.000030± 0.001541 

p8       07− 2.581e±05 −1.389e− 

p9       10− 9.304e±08 − 5.088e

Layers travelled by 1400 MeV Gamma inside ECAL

Depth
Entries    2.551684e+07

Mean    21.92

Std Dev     11.23

 / ndf 2χ   2183 / 50

p0        188.0±7202 − 

p1        3.595e+02± 2.339e+04 

p2        141.0±  7260 

p3        22.3± 237.3 

p4        1.8±90.5 − 

p5        0.083± 5.563 

p6        0.0023±0.1637 − 

p7        0.000036± 0.002623 

p8       07− 3.147e±05 −2.209e− 

p9       09− 1.144e±08 − 7.682e
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 / ndf 2χ   2183 / 50

p0        188.0±7202 − 

p1        3.595e+02± 2.339e+04 

p2        141.0±  7260 

p3        22.3± 237.3 

p4        1.8±90.5 − 

p5        0.083± 5.563 

p6        0.0023±0.1637 − 

p7        0.000036± 0.002623 

p8       07− 3.147e±05 −2.209e− 

p9       09− 1.144e±08 − 7.682e

Layers travelled by 2100 MeV Gamma inside ECAL

Depth
Entries    3.355926e+07

Mean    22.75

Std Dev     11.35

 / ndf 2χ   1471 / 50

p0        2.013e+02±1.056e+04 − 

p1        3.883e+02± 3.282e+04 

p2        154.4±  4037 

p3        24.8±  1091 

p4        2.0±165.3 − 

p5        0.094± 8.817 

p6        0.0026±0.2444 − 

p7        0.000041± 0.003787 

p8       07− 3.618e±05 −3.124e− 

p9       09− 1.320e±07 − 1.072e
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 / ndf 2χ   1471 / 50

p0        2.013e+02±1.056e+04 − 

p1        3.883e+02± 3.282e+04 

p2        154.4±  4037 

p3        24.8±  1091 

p4        2.0±165.3 − 

p5        0.094± 8.817 

p6        0.0026±0.2444 − 

p7        0.000041± 0.003787 

p8       07− 3.618e±05 −3.124e− 

p9       09− 1.320e±07 − 1.072e

Layers travelled by 2800 MeV Gamma inside ECAL
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Forward ECAL: Detector Optimization
Energy resolution comparison between configurations
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Forward ECAL: Detector Optimization
Energy resolution comparison between configurations

γ Edep for Pb as Abs [1.0 cm Sci + 1.75 mm Abs]

htemp
Entries  10000
Mean      279
Std Dev     16.74

 / ndf 2χ  42.29 / 43
Constant  10.3± 838.5 
Mean      0.2±   279 
Sigma     0.12± 16.35 
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htemp
Entries  10000
Mean      279
Std Dev     16.77

 / ndf 2χ  42.29 / 43
Constant  10.3± 838.5 
Mean      0.2±   279 
Sigma     0.12± 16.35 

Total energy deposition on ECAL for 700 MeV Gamma

htemp
Entries  10000
Mean    522.5
Std Dev     23.75

 / ndf 2χ  52.67 / 38
Constant  12.0± 965.9 
Mean      0.2± 522.8 
Sigma     0.17± 23.01 

250 300 350 400 450 500 550 600 650
Energy (MeV)

0

0.2

0.4

0.6

0.8

1

310×

C
ou

nt
s

htemp
Entries  10000
Mean    522.6
Std Dev     23.55

 / ndf 2χ  52.67 / 38
Constant  12.0± 965.9 
Mean      0.2± 522.8 
Sigma     0.17± 23.01 

Total energy deposition on ECAL for 1400 MeV Gamma

htemp
Entries  10000
Mean    765.4
Std Dev     29.67

 / ndf 2χ  60.56 / 38
Constant  13.8±  1092 
Mean      0.3±   766 
Sigma     0.21± 27.59 
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 / ndf 2χ  60.56 / 38
Constant  13.8±  1092 
Mean      0.3±   766 
Sigma     0.21± 27.59 

Total energy deposition on ECAL for 2100 MeV Gamma

htemp
Entries  10000
Mean     1008
Std Dev      36.2

 / ndf 2χ  73.99 / 34
Constant  19.3±  1516 
Mean      0.3±  1009 
Sigma     0.25± 32.39 
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 / ndf 2χ  73.99 / 34
Constant  19.3±  1516 
Mean      0.3±  1009 
Sigma     0.25± 32.39 

Total energy deposition on ECAL for 2800 MeV Gamma

Layers traversed for Pb as Abs [1.0 cm Sci + 1.75 mm of Abs]

Depth
Entries  8881820

Mean    18.72

Std Dev     10.68

 / ndf 2χ   1559 / 50

p0        152.4±1764 − 

p1        272.6±  9047 

p2        9.99e+01± 1.03e+04 

p3        15.0±1249 − 

p4        1.16± 61.93 

p5        0.052±1.628 − 

p6        0.00137± 0.02352 

p7        0.0000214±0.0001675 − 

p8       07− 1.82e±07 − 3.01e

p9       10− 6.523e±09 − 1.621e
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 / ndf 2χ   1559 / 50

p0        152.4±1764 − 

p1        272.6±  9047 

p2        9.99e+01± 1.03e+04 

p3        15.0±1249 − 

p4        1.16± 61.93 

p5        0.052±1.628 − 

p6        0.00137± 0.02352 

p7        0.0000214±0.0001675 − 

p8       07− 1.82e±07 − 3.01e

p9       10− 6.523e±09 − 1.621e

Layers travelled by 700 MeV Gamma inside ECAL

Depth
Entries    1.662616e+07

Mean    20.47

Std Dev     10.92

 / ndf 2χ   4823 / 50

p0        180.2±  1271 

p1        320.5±  7453 

p2        1.222e+02± 1.064e+04 

p3        18.9±544.7 − 

p4        1.50±26.05 − 

p5        0.068± 2.949 

p6        0.0018±0.1043 − 

p7        0.000029± 0.001848 

p8       07− 2.503e±05 −1.666e− 

p9       10− 9.030e±08 − 6.103e
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Entries    1.662616e+07
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 / ndf 2χ   4823 / 50

p0        180.2±  1271 

p1        320.5±  7453 

p2        1.222e+02± 1.064e+04 

p3        18.9±544.7 − 

p4        1.50±26.05 − 

p5        0.068± 2.949 

p6        0.0018±0.1043 − 

p7        0.000029± 0.001848 

p8       07− 2.503e±05 −1.666e− 

p9       10− 9.030e±08 − 6.103e

Layers travelled by 1400 MeV Gamma inside ECAL

Depth
Entries    2.435632e+07

Mean    21.59

Std Dev     11.08

 / ndf 2χ   3664 / 50

p0        201.9±  2120 

p1        3.525e+02± 1.063e+04 

p2        137.3±  8590 

p3        21.7± 354.5 

p4        1.8±116 −  

p5        0.081± 7.172 

p6        0.0022±0.2144 − 

p7        0.000035± 0.003495 

p8       07− 3.041e±05 −2.994e− 

p9       09− 1.104e±07 − 1.058e
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Entries    2.435632e+07
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 / ndf 2χ   3664 / 50

p0        201.9±  2120 

p1        3.525e+02± 1.063e+04 

p2        137.3±  8590 

p3        21.7± 354.5 

p4        1.8±116 −  

p5        0.081± 7.172 

p6        0.0022±0.2144 − 

p7        0.000035± 0.003495 

p8       07− 3.041e±05 −2.994e− 

p9       09− 1.104e±07 − 1.058e

Layers travelled by 2100 MeV Gamma inside ECAL

Depth
Entries    3.204684e+07

Mean     22.3

Std Dev     11.16

 / ndf 2χ   3916 / 50

p0        218.9±  2166 

p1        3.807e+02± 1.495e+04 

p2        150.2±  6366 

p3        24.0±  1177 

p4        2.0±194 −  

p5        0.1±  10.7 

p6        0.0025±0.3036 − 

p7        0.000040± 0.004795 

p8       07− 3.48e±05 −4.02e− 

p9       09− 1.268e±07 − 1.398e

0 20 40 60 80 100
Layers 

0

0.2

0.4

0.6

0.8

1

1.2

610×

H
its

Depth
Entries    3.204684e+07

Mean     22.8

Std Dev     11.16

 / ndf 2χ   3916 / 50

p0        218.9±  2166 

p1        3.807e+02± 1.495e+04 

p2        150.2±  6366 

p3        24.0±  1177 

p4        2.0±194 −  

p5        0.1±  10.7 

p6        0.0025±0.3036 − 

p7        0.000040± 0.004795 

p8       07− 3.48e±05 −4.02e− 

p9       09− 1.268e±07 − 1.398e

Layers travelled by 2800 MeV Gamma inside ECAL
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Forward ECAL: π0 reconstruction

• Hough transform applied on complete
dataset, this will give the axis for first
cluster

• Using the axis, construct a cone according
to the density variation. Then the cone is
radially enlarged till the point where density
falls to 1/e of maximum density.

• Points within the cone are removed and
hough transform applied on remaining
points, giving the axis of second cluster

• Use the axes to calculate the angle between
the two gammas

• Based on distance from the axis, points are
assigned to either of cluster 1 or 2

• Invariant mass is calculated using total
energy in the cluster e1, e2 and angle

• Process is repeated for 4 different energies:
0.2 GeV, 0.5 GeV, 0.8 GeV, 1.2 GeV

X ax
is

70
60

50
40

30
20

Y axis 80706050403020100

Z axis

80

100

120

140

160

Reconstruction process π0

• world material: argon gas

• detector material: plastic
PLASTIC SC VINYLTOLUENE

• 1 bar: 4 m x 2.5 cm x 0.5 cm

• total bars in 1 sheet: 160

• total layers: 60 plastic + 59 lead

• lead dim: 4 m x 4 m x 0.25 cm
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Expected angular separation between gammas
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Entries  1000
Mean    60.81
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Theoretical angle for E_pi0 = 500 MeV 
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Theoretical angle for E_pi0 = 1200 MeV 
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Reconstructed angles between two Gammas of π0 with energies: 0.2, 0.5, 0.8, 1.2 GeV

h
Entries  1000

 / ndf 2χ  44.37 / 30
Prob   0.04416
Constant  1.92± 49.56 
Mean      2.69± 29.69 
Sigma     1.77± 35.26 
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 / ndf 2χ  44.37 / 30
Prob   0.04416
Constant  1.92± 49.56 
Mean      2.69± 29.69 
Sigma     1.77± 35.26 

Angle distribution for E_pi0 = 200 MeV

h
Entries  1000

 / ndf 2χ  88.73 / 21
Prob  10− 2.671e
Constant  6.9± 140.5 
Mean      0.4±  17.5 
Sigma     0.5±  10.2 
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 / ndf 2χ  88.73 / 21
Prob  10− 2.671e
Constant  6.9± 140.5 
Mean      0.4±  17.5 
Sigma     0.5±  10.2 

Angle distribution for E_pi0 = 800 MeV

h
Entries  1000

 / ndf 2χ  76.39 / 24
Prob  07− 2.261e
Constant  3.89± 75.09 
Mean      0.81± 31.72 
Sigma     1.03± 19.67 
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 / ndf 2χ  76.39 / 24
Prob  07− 2.261e
Constant  3.89± 75.09 
Mean      0.81± 31.72 
Sigma     1.03± 19.67 

Angle distribution for E_pi0 = 500 MeV

h
Entries  1000

 / ndf 2χ  98.88 / 22
Prob  11− 1.014e
Constant  9.8± 196.4 
Mean      0.27± 13.35 
Sigma     0.32±  7.06 
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 / ndf 2χ  98.88 / 22
Prob  11− 1.014e
Constant  9.8± 196.4 
Mean      0.27± 13.35 
Sigma     0.32±  7.06 

Angle distribution for E_pi0 = 1200 MeV
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Reconstructed invariant mass for π0 with energies: 0.2, 0.5, 0.8, 1.2 GeV

h
Entries  1000

 / ndf 2χ  48.21 / 16
Prob  05− 4.396e
Constant  3.1±    82 
Mean      6.22± 75.58 
Sigma     3.96± 81.65 
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 / ndf 2χ  48.21 / 16
Prob  05− 4.396e
Constant  3.1±    82 
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Mass distribution for E_pi0 = 500 MeV
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Forward ECAL: Readout Electronics
Photon Counter (MPPC) & readout

• We propose to use MPPCs to readout the
scintillator bars

• Selection of MPPCs was based on the T2K
ND280-ECAL, with specifications below:

• Hamamatsu Hamamatsu S13360-1350CS
• 1.3 x 1.3 mm2 active area, 667 pixels (50
µm pixel pitch), ceramic device

• Gain (1.7x106) with VO ≈ 53 V
• Photon Detection Efficiency (PDE) at 550

nm: 40%
• Dark count rate 270 kcps at threshold 0.5

p.e.

SPICE sim of MPPC (S. Seifert, IEEE’09)

• Simulation and MPPC characterization to
determine best signal rise/recovery times of
scintillation pulses

• And for designing preamp., amplifiers,
shapers and ADC

Simulated signal in MPPC

MPPC
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Forward ECAL: Readout Electronics
Photon Counter (MPPC) & readout

Setup for Testing and Characterizing MPPCs Older prototype for a HV Biasing Power Supply
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Forward ECAL: Readout Electronics
Photon Counter (MPPC) & readout

• A prototype FEB with 8-16 channels is
under development for testing multiple
MPPCs. Comprising of HV Biasing,
preamplifiers, Amplification stages, Shapers
and ADC on board with an FPGA
(Intel/Altera Max10) for basic control

• Suitable ASICs may be implemented in the
Front-end Board to scale up for
64/128/higher number of channels.

• The FEB design is inspired from the TripT
Readout Board used in T2K ND280-ECAL

preamp simulation
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Summary

• After Geometry optimization, four different configurations are selected. The selected designs
meet the required specifications on energy resolution of 6%/

√
E

• Currently developing the reconstruction algorithm for single photon and π0. Preliminary
results are presented in this talk.

• Prototype Readout electronics Board under development to test and characterize multiple
MPPCs. ASICs supporting higher number channels to be selected for the Front-End Board of
Forward ECAL, followed by the full working FEB prototype.

• Readout design may be useful either for the MPD calorimeter readout or for replacing the
KLOE readout PMTs with MPPCs.

Maharnab Bhattacharjee Electromagnetic Calorimeter for DUNE ND 16 / 18



Summary contd.

• Indian group was involved with the development of the STT based tracker (FGT)
during LBNE. [DUNE CDR Volume 4]

• Successfully led the DOE CD1 review, Director’s CD-1 Refresh Review and DOE CD-1
Refresh Review during May-July, 2015.

• DUNE ND Design Review, May 28-29, 2015.
https://web.fnal.gov/project/LBNF/ReviewsAndAssessments/DUNE%20ND%20Design%
20Review/SitePages/Home.aspx

• Director’s CD-1 Refresh Review of LBNF-DUNE, June 2-4, 2015,
https://web.fnal.gov/organization/OPSS/Projects/LBNFDUNE/SitePages/Director%27s%
20CD-1%20Refresh%20Review%20of%20LBNF-DUNE,%20June%202-4,%202015.aspx

• DOE CD-1 Refresh Review of LBNF-DUNE, July 14-16, 2015,
https://web.fnal.gov/organization/OPSS/Projects/LBNFDUNE/SitePages/DOE%20CD-1%
20Refresh%20Review%20of%20LBNF-DUNE,%20July%2014-16,%202015.aspx

• Will support any effort to enhance the physics capability of the current DUNE ND
complex:

• e.g. KLOE with STT design has the potential to significantly enhance the physics capability
of the DUNE ND facility.
https://docs.dunescience.org/cgi-bin/private/ShowDocument?docid=13262

• In synergy with the proposal submitted to the European Strategy Group:
https://indico.cern.ch/event/765096/contributions/3295805/
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Thank you
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