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EIC Calorimetry Requirements
Barrel CAL in EIC Yellow Report

EIC Community outlined physics, detector requirements, and
evolving detector concepts in the EIC Yellow Report.

EIC Yellow Report requirements for barrel ECal

SCIENCE REQUIREMENTS

e Detection of electrons/photons to measure energy and AND DETECTOR

.y CONCEPTS FOR THE
position €T>) ELECTRON-ION COLLIDER

EIC Yellow Report

e Require moderate energy resolution
(10 - 12) % AE® (1 - 3)%
o But! With high electron-pion separation at low momenta.
e Require electron-pion separation up to 10* at low particle
momenta
e Discriminate between 1° decays and single photons from
DVCS
e Low energy photon reconstruction ~100 MeV
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DETECTOR GEOMETRY
Imaging Barrel ECal

Imaging layer — Position info
Pb/ScFi layer — Energy info

https://anl.box.com/s/w5i3e7cmzgznnl1gyjukuhspsn87zwhe

= Hybrid concept
— Imaging calorimetry based on monolithic
silicon sensors AstroPix (NASA's AMEGO-
X mission)
— Scintillating fibers embedded in Pb
(Pb/ScFi — Similar to GlueX Barrel ECal)

» 6 layers of imaging Si sensors interleaved
with 5 Pb/ScFi layers and followed by a large
chunk of Pb/ScFi section

» Total radiation thickness of 20 X,

» Detector coverage: —1.5 < n < 1.2 which
overlaps with “electron-going” side endcap
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https://anl.box.com/s/w5i3e7cmzgznnl1qyjukuhspsn87zwhe

Budget

o
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Total Budget for the Imaging Layers

The numbers below refer to the cost in the ATHENA geometry

Direct Materials Total Total Labor Cost Total Budget includes the first article (V2 stave with
6 imaging layers prototype) $2.04M. We
$7.79M $6.91M $14.7M assume that ~80% of pixels can be reused
Main contributions to the budget that Main contributions to the budget that
do not scale with the nb of layers scale with the nb of layers
Task Cost Task Cost
Mechanical design $1.62M Testing $0.760K
Electrical design $1.74M
In-house assembly $1.86M
Assembly in BNL $0.632M
Wafers $5.44M
Wafer prober $1.5M

= Groups beyond Argonne interested in participating with workforce, if this project moves forward:
Univ of California Santa Cruz (Silicon), Oklahoma State University (mechanical engineering and services)
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Total Budget for the Imaging Layers

The numbers below refer to the cost in the ATHENA geometry

Direct Materials Total Total Labor Cost Total Budget includes the first article (V2 stave with
6 imaging layers prototype) $2.04M. We
$7.79M $6.91M $14.7M assume that ~80% of pixels can be reused

First estimate for the cost in the Detector | geometry

Detector length in z| Direct Materials Total Labor R =77.02 cm
Total calo )
[em] Total Cost
410 $6.5M $6.4M $12.9M
360 $6.0M $6.2M $12.2M

+ 1st Imaging layer would replace the outer MPGD tracker in the Project Detector Reference
Design

« Groups beyond Argonne interested in participating with workforce, if this project moves forward:
Univ of California Santa Cruz (Silicon), Oklahoma State University (mechanical engineering and services)
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Total Budget for the SciFi Layers

The numbers in the table below refer to the cost in the ATHENA geometry (O.Tsai)

Cost Drivers for the SciFi/W costing:

Direct Materials Total Total Labor Cost Total e  Scintillating fibers - $3.4M (Quoted,
$9.7M $4.5M $14.2M KURARAY) o
e W powder - $4.3M (sPHENIX, price in

China, includes 20% tariff)

e ~30 person-years of total labor
Beyond ATHENA geometry

e Approximate budget for GlueX Barrel ECAL ~ $10.5M +/- 10% (in 2009-2012 USD)
o The volume factor between GlueX Barrel ECal and the Imaging+SciFi/Pb Calorimeter in the
Detector | geometry: ~1.5 (assuming Det-l length of 410 cm), ~1.3 (60 cm shorter length)
o A new budget analysis of the SciFi/Pb layers with Detector | geometry is needed

There is a reasonable possibility for a significant in-kind contribution from Canadian institutions, if
this project moves forward

Back part of SciFi can serve as (and be further extended to) Inner HCAL
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Performance studies
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Imaging Layers in Barrel ECAL

Excellent position resolution allowing precise 3D shower imaging

Significantly improved electron/pion
separation with respect to E/p method
e Impact on DIS cross section and

asymmetries %

Separation of ys from 1 decays at
high momenta up to ~40 GeV/c.
Precise position reconstruction of ys @
(below 1 mm at 5 GeV).

e |Impact on DVCS and photon physics

Tagging final state radiative photons
from nuclear/nucleon elastic scattering at
low x to benchmark QED internal
corrections

7 Imaging layers provide:

& e precise measurement of photon
coordinates and the angle between
electron and photon

ﬂ % Allowing PID of low energy muons that curl

inside the barrel ECal (< 1.5 GeV with 3T
Provides a space coordinate for DIRC reconstruction (no need field)

for additional large-radius tracking detector) e Impact on Jipsi reconstruction, TCS

e Improving PID for SIDIS and beyond
e Improved tracking resolution for high-momentum particles
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Imaging Barrel ECal

Imaging layers based on AstroPix sensors
e Developed for AmegoX NASA mission;
successor of ATLASpix (arxiv:2109.13409).

Simulation conditions:

e Digitization on the level of AstroPix pixel

e 40 threshold cut applied

e No cracks/non-sensitive regions in the sensor coverage

assumed in simulations

e In simulations we explore the possibility of using the AstroPix

sensor off-the-shelf

e Layer thickness 0.155 cm + 1 cm of air (cooling):

Layer material

Thickness (cm)

Silicon (sensors) 0.05
Silicon (electronics) 0.015
Copper (cables) 0.01
Kapton (insulation) 0.02
Epoxy (glue) 0.01
Carbon (support structure) 0.05

10

8cm X 8cm
Quad Cluster

Pixel size

Power usage
Energy resolution
Dynamic range
Passive material
Time resolution
Si Thickness
Time tag

|. Brewer, et al., arXiv:2101.02665 [astro-ph.IM]

Quad Chip

4cm

Top Bus Pads

Chip-to-Chip Pads

4

Bottom Bus Pads

500 m x 500 pm
<1 mW/cm?

10% @ 60 keV (based on the noise floor of 5 keV)
~ 700 keV

< 5% on the active area of Si

25 ns

500 um

~ 1pm
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https://arxiv.org/abs/2101.02665

Barrel ECal - SciFi/Pb geometry

Pb/ScFi layers follow the GlueX Barrel Calorimeter geometry

l«— 11.77 cm —|

135mm  azimuthal
direction A

|

radial direction =————
1.22 mm

22.46 cm

0.233 mm

NS BN S =

0.053 mm
(glue ring)

ratio of areas in rectangle
Pb:SciFi:Glue = 37:49:14 i

«8.51 cm |

2-side readout in final design; GlueX position resolution in z: 1.1cm/\E 2
1) Nucl. Instrum. Meth. A, vol. 896, pp. 24—42, 2018, 2) Nucl. Instrum. Meth. A, vol. 596, pp. 327-337, 2008
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Simulation conditions

Digitization in simulations on
the level of SiPM grid

Assumed ~2cm x 2 cm
grid size

Possibility of 2-side readout
(spatial resolution). In
simulations only one side
readout for island clustering
(no resolution in z)

Description of clustering
algorithms in backup slide

Birks constant for ScFi
kB = 0.126 mm/MeV
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Used 5 GeV ys

ENERGY RESOLUTION

2
z
The main role of the Pb/ScFi Layers
[ Energy Resolution - ScFi layers | 2/ ndf 1.833/4 s
? TT TTT TTT T T T TTT TTT T po 5'3 io'ososa 2 ‘ f B : :
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Imaging Layer ~0.6%
Pb/ScFi Layer ~10%
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SPATIAL RESOLUTION

The main role of the Imaging Layers

Cluster level: 0. = (2.32 £+ 0.06)mm/VE @ (1.4 +0.02)mm @7n =0
With first layer hit position on top of cluster level: o,,, = 0.5mm (i.e. pixel size)
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N | - —
s 08l i (2.32 + 0.06)mm/VE ® (1.4 + 0.02)mm 3
£ From first-layer hit . i ]
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z B il o
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e/t particle identification
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Pion Contamination in Inclusive DIS Physics

nt rejection pion:electron > 10%:1 for p < 2 GeV/c in barrel
il No existing calorimetry fully satisfy the requirement
: PbWQ; simulation g wfp  -3.5<n<-2 4 -2<n<-1 1 -len<0
[ % & e+p 18 GeV x 275 GeV _ —Eene
103+ PG j, Frmeans s M
- : - Photons 18x275 GeV

w— | W /ScFisimul

- [1519]
2L i i
19 [1523]
Pb/S¢ [1522] p (GeV/c) p (GeVic) p (GeV/c)
i gw‘ -3.5<n<-2 0 ~2<n<-1 % -1<n<0
105" e : ,[' B e4p 10 GeV x 100 GeV [
3 i 1 — DIS electron
& r i g e
L ! ] "‘ - Photons 10x100 GeV
1 T | PR S S O W W | & 1 =
1 10 i [
p (GeV/C) ‘0 ; |.D 0 o ; A llO
p (GeV/c) p (GeVic) p (GeV/c)

EIC Yellow Report, arXiv:2103.05419 [physics.ins-det]
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Two-step Pion Rejection with BECal

Boosting e/pi separation on top of E/p cut with 3D-imaging of particle showers

1: Edep/p cut 2: NN Classification + Likelihood cut

140 [ ] electrons i
e eff. = 96.82% 10 | mrej. = 98.01%

120 1 rej. = 99.40% |
(%] 1
<€ 100 103 !
(e} 1
O 2 i
E 80 % i
= O 102 i
£ 60 i
S :
40 101 i

20 i — elect.ron 1
. ol [ pion-

0 s ] 10 | [T T 111 T H H H H HF H
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.0 0.2 0.4 > 0.6 0.8 1.0
Edep/p 2 GeV/c i
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Classification Neural Network

e 3 Layers Convolutional Neural Network + 3 Layers Perceptron Network
Combined data from AstroPix and Pb/ScFi

3 inserted dropout layers to control overfitting

Data formatted to N_events x N_layers x N_hits x N_features

4 features (Edep, Rc, eta, phi), energy and spatial information for shower
125k trainable parameters

O O O O O

e Supervised training
o 100k events (electrons and pions), 80% training, 20% validating
o 100k electrons and 100k pions benchmarking
o 20 epochs
o Statistical uncertainty (binomial dist.) of benchmarking samples is shown
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ELECTRON IDENTIFICATION

e — m separation
= Separation of electrons from background r in Deep Inelastic Scattering (DIS) processes

Pion-electron rejection efficiency
Ry

e Best e/pi separation for p < 2 GeV/c 104l ATHENA BECal sim.,

PbWO,4 sim.

e Comparable to crystal calorimeter at

higher momentum 103}
Standalone
e Afactor of 30~100 boost on top of E/p . ( Calorimgtsr
> 3 Pb/Sc meas. Nno material/no
cutforp >1 GeVic (PHENIX) magnetic field)

. ) W/ScFi sim.
e 500:1 rejection at lower momentum 101 (SPHENIX)
from when E/p does not work well
£e=295%
1051 1.0 10.0
p (GeV/c)

(FERERGY 18y, 18 Other calorimeter technologies from EIC Yellow Repoﬁrgonne°\75




Effects from Magnetic Field and Materials

Effect of 3T Magnetic Field and material budget in ATHENA Geometry

100

Ee (0/30-

80

70

Electron efficiency > 95% for
“Standalone” and “w/ MF”
simulations

Electron efficiency is 82% to
92% for “w/ MF and Mat.”
simulation

ﬁ

—}— 6 Img Layers w/ MF and Mat.

1.0 10.0

e National Laboratory i
partment of Energy laboratory
d by UChica:

(ENERGY 25

19

R"i

104.

103.

102

10}

3T field + ATHENA Mat.

" —— 6 Img Layers Standalone
—— 6 Img Layers w/ MF

—4— 6 Img Layers w/ MF and Mat.

0 2 4 6 8

10

p (GeV/c)
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Effects from Magnetic Field and Materials

Effect of 3T Magnetic Field and material budget in ATHENA Geometry

0.7 GeVlc particles, with MF and Mat.
E/p>7.00% @0 -9 Xo

™M = &~
40 |
e eff. = 87.61% 1 n-
35 nrej. = 72.529
w
< 30
B
O 25
© L
Q
N20 |
g |
515
= 4 {
10 r
o
5 g
0 e T e
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Edep/p

The lowest momentum point for electrons
at 0.7 GeV is significantly affected by the
high magnetic field.
e The rejection factor will go up with
lower field.
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104.

103_

102

10}

3T field + ATHENA Mat.

" —— 6 Img Layers Standalone
—4— 6 Img Layers w/ MF

—4— 6 Img Layers w/ MF and Mat.

0 2 4 6 8

10

p (GeV/c)
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Effects from Electron Efficiency

3T Magnetic Field and material budget in ATHENA Geometry

R+
" Slmulatlon. with magnetic field 3T field + ATHENA Mat.
and materials
104.
= Two extreme cases added
— > 95% efficiency
_ o .
> 65% efficiency 103l f85%
The lowest momentum point for electrons 2% j 1
at 0.7 GeV is significantly affected by the
high magnetic field. | | 10} —— £.>95%
° I‘(I')r\ll\(/-:teﬁjizlcélon factor will go up with b~ &= 829%—92%
' —— £>65%
102 4 6 8 10

p (GeV/c)
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Separation of y and m° — yy
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Detection of % — yy

EIC Yellow Report, arXiv:2103.05419 [physics.ins-det]

DVCS photons

40

e

. ' =y
: Barrel : s

E, (GeV)

Energy of photons from DVCS versus
n from the MILOU simulations for the
e+p collisions at beam energies of
18x275 GeV

& National Laboratory is a
partment of

%, U.5. DEPARTMENT OF _ Argonn
@ ENERGY U.S. Department of Energy laboratory
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SIDIS m°
p (GeV/ic) vs m Pi0 merging prob vs p
100 T T ]
- i » ™ Clusiering: eta<is, 35
0 ... . [+ Profile (eta=1.5)
r 1
[}

| + Profile (eta=2.0) i
+ Profile (eta=2.5) /¢

;
60

ATHENA Barrel n p (GeV/c)

Figure 11.46: Left: The calculated 7” momentum spectrum for SiDIS at e + p 18 x 275 GeV
collisions, using PYTHIA [1371]. Right: The probability of two photons to merge, calcu-
lated [1517] using GEANT4 [1412] for the cell size of 25 x 25 mm? located at 3 m from the
interaction point, for the non-projective geometry. For the projective geometry the results
for 17 > 3.5 would be close to the non-projective curve at for 7=3.5.

23 Argonne & |75




Hard Limit for Cluster Merging

e For modular calorimeters, cell size is the limit
o No reliable splitting for hits in ~J Shower density
neighboring cells or the same cell /
e For pixel sensors, the shower profile is used
at different depths

second maximum:
Corner to corner:
dist.= V2 cells

Shower profile from img layers for 5 GeV ¥s l

second maximum:
Side to side:
dist. = 2 cells

X

No second maximum

2 so00TTTT

2 sooof-
oo
oo
soonf-
oo
oo

. Larin, HyCal Clustering

N:
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Detection of % — yy

ﬂ 5 GeV ¥ example

0.8 - Preliminary 14
L { §

p 0.7 = = 1.2
- [ ] =] ..:l —
06 < 20 L %
> | . 1.0 5
E S
0.5 : — -?:I I..D q e
" a © = =] w0
o ®© m b 0.8 o
g & Ome = 4 o
- 04 5 & . = & B 2
& 5 0.6 >
03 ¢ ] B @)}
= —%0 n B % . E
g4

0.2
—40
-20 ; 0.1 —40 . : 0.2
2 (mp, - 0.0
-0.04 -0.02 0.00 0.02 0.04 :
n
(GENERGY i 25 Argonne & |75




Merging probability for % — yy

Used shower profile (6FWHM)

O . .
T decays in barrel region Yy Merging Probability of m° decay at R = 1.03 m

Detection of phOtOhS atR=1.03m —— ATHENA [6.0 x FWHM of Hits Distribution]
—— PbWO, [20 mm] —— Shashlyk [55 mm]
—— TF1 [38 mm] —— Shashlyk [110 mm]
Cut out-of-acceptance events 1.0
e
Cut very low energy events 5 08
. ©
(photons with energy > 100 MeV used) 206
a
Hard limit of merging 0.4
e Cell size for modular calo 0.2
e For AstroPix: 6 FWHM of shower 60
profile at the layer where at least ' .
o : . 1 2 5 10 20 50
90% of gammas fired a hit P (GeV/c)
(@ ENERGY 115 26 Argonne &|75




Merging probability for % — yy

° decays in barrel region
Detection of photons at R =0.8 m
Cut out-of-acceptance events

Cut very low energy events
(photons with energy > 100 MeV used)

Hard limit of merging
e Cell size for modular calo
e For AstroPix: 6 FWHM of shower
profile at the layer where at least
90% of gammas fired a hit

aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa
ENERGY of Energy laboratory
managed by UChicago Argonne. LG

Used shower profile (6FWHM)

Yy Merging Probability of n° decay at R = 0.8 m

—— Imaging Calo [6.0 x FWHM of Hits Distribution]
—— PbWOy4 [20 mm] —— Shashlyk [55 mm]
—— TF1[38 mm] —— Shashlyk [110 mm]
1.0 -
oy
=0.8
Ne]
3
90.6
o
0.4
0.2
0.0
1 2 5 10 20 50

P (GeV/c)

Note! Shower profile from ATHENA simulation w/ 3T
field. Just a quick check.
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Particle PID
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MUONS IN BARREL for 3T field

e Muon/pion separation in central region determined from information from the Barrel ECal and HCal
e Results for single particle simulation, see details in the following slides

T contamination M efficiency
110
Fe, = ~95%

ATHENA baseline, neural network

‘I\I

- ECal ScFi only, E/p method
ATHENA baseline, ECal + HCal

100

u efficiency [%)

7 contamination [%]

90

TT[TTTT]

40 80

[TTTT]

30,
70

20—

|\\l|[||\1lll|’

- 60
10~

0_ B o 50 [ | 1 L Ll 1

! 10 5 (Gevio) ! 10 b (Gevi)

e At n =0: muons >~1.5 GeV/c reach HCal, and <~1.5 GeV/c curl inside the BCal (different approach to analysis)
> This discontinuity (in reaching HCal) is rapidity dependent

e Neural Network studies in ECal done for n = (-1,1), ECal+HCal studies and E/p studies in ECal done forn =0

e Further improvements to muon/pion separation from PID detectors expected (DIRC)
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SUMMARY AND OUTLOOK

1. Hybrid Imaging ECAL calorimeter proposed for the future Electron-lon Collider
— Scintillating fibers embedded in Pb and imaging calorimetry based on silicon sensors
(AstroPix)

2. Novel technology, yet with limited risk

3. This, cost-effective for its excellent performance, design fulfills and further improves the
Yellow Report requirements and opens new physics opportunities:
— Excellent Energy and Spatial resolution
— Electron-pion separation at low particle-momenta
— Separation of two gammas from neutral pion up to 45 GeV
— Muon PID, radiative processes, ...
— Can serve as DIRC tracking layer and inner HCAL
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Backup
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ATHENA Barrel ECal

O

@)
@)
@)

e Contains negative Endcap inside (partially
serves as the Endcap detector)

“. % U.S. DEPARTMENT OF _ Argonne National Laboratory is a
@ ENERGY U.S. Department of Energy laboratory
managed by UChicago Argonne, LLC.

e Geometry

12 staves, 6 AstroPix layers

Rmin =1.03 m, Length = 4.05 m, Thickness ~40 cm
AstroPix: 1.155 cm per layer (1 cm of air), 1.8% X,
Pb/ScFi: 1.586 cm per layer, ~1.08X
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ASTROPIX SENSOR LAYERS

For 6 layers of imaging layers that cover -1.5 < |eta| < 1.2 the AstroPix sensors area is about 174 m?.

Large Si detector arrays in advanced stage (large scale prototypes)
e ATLAS Inner Tracker - silicon strips’ (ITk pixel) 160 m? (50 million channels)
e CMS high granularity calorimeter? ~ 600 m? (6.5 million channels)

e AstroPix sensors (derived from ATLASpix) will be used in the AMEGO-X NASA mission, which is a
40 m? experiment sent into space. We expect AstroPix-v3 to be the final version and submitted in
spring 2022, and ready in fall 2022.

e We plan to use it off-the-shelf, meaning with no design modifications.

Advantages of AstroPix with respect to pixels used in e.g. ATLAS

e AstroPix has very low power consumption (used in space) - 1000 times smaller power consumption
per cm? than ITk pixel

e AstroPix is a monolithic sensor - less complicated structure
e No bump bonding - less risk of damaging sensors

" arXiv:2105.10367, ATLAS ITk Pixel Detector Overview
2 arXiv:1802.05987, The CMS High-Granularity Calorimeter for Operation at the High-Luminosity LHC2
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Budget
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Total Budget for the Imaging Layers

Nb of layers Direct Materials Total | Total Labor Cost Total
9 $10,4M $8,13M $18,6M
7 $8,36M $7,29M $15,6M
6 $7,42M $7,04M $14,5M

Different number of layer configurations:
e Difference between 9 and 6 layers: $4.23M
e Difference between 9 and 7 layers: $3.04M
e Difference between 7 and 6 layers: $1.2M

Budget assumes a ~real size prototype ("2 stave with 6 imaging layers). We assume that ~80% of
pixels can be reused
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Main Impact on Price

Main contributions to the budget that do not scale with the nb of layers

Task Cost Comment
Mechanical design $1,62M Estimated top-down from ATLASPix
Electrical design $1,74M Estimated top-down from ATLASPIx
Assembly in BNL $0.632M Assumed 1 year
Wafer prober $1.5M Assumed 1 prober (will need eventually 2)
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Main Impact on Price

Main contributions to the budget that scale with the nb of layers

Task 6 layers 9 layers
Testing $760K $950K
In-house assembly $1.86M $2.86M
Wafers $5.44M $8.34M
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Main Labor Contribution (time)

Tasks 9 layers (years) 6 layers (years)

Testing time with 1.25 min/chip

(assumed in the budget) 6.95 5.29
Testing time with 5 min/chip 27.82 21.15
Assembly with 1 min per chip

(assumed in the budget) 5.56 4.23

1 year assumed 2000 labor hours

e Automatic testing procedure required (w/ wafer prober) with at least 2 testing lines
e Atleast 2 assembly lines required
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Labor Distribution

labor 9 layers (years) 6 layers (years)
mechanical engineer 5.39 5.31
postdoc 6.02 4.90
scientist 3.56 3.56
electrical engineer 5.73 5.73
grad student 10.82 8.23
mechanical tech 7.04 5.60
electrical tech 6.04 4.60
1 year assumed 2000 labor hours
(@ ENERGY SR 39
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SciFi/Pb Costing

1. Estimate for ATHENA geometry for SciFi/W: $14.2M in 2021 USD
2.  GlueX: ~$10.5M (+/- 10%) in 2009-2012 USD

Simple scaling via volume factor:
GlueX -> ATHENA: $20M in 2009-2012 USD for ATHENA
e We cannot just simply scale with the volume factor, or estimate for SciFi/W doesn't work for SciFi/Pb

GlueX --> Detector | geometry:

e $15.8M (length in z=410 cm)

e $13.7M (length in z =360 cm) in 2009-2012 USD
ATHENA ---> Detector | geometry:

e $11M (length in z =410 cm)

e $9.5M (length in z = 360 cm) in 2021 USD

e Re-costing from scratch in Detector 1 geometry for SciFi/Pb with 2021 prices needed.
e Naive scaling via volume factor doesn't seem to work.
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G I u eX E n e rgy Res o I u ti o n We note that the response of the calorimeter

averaged over its length, as done for the n

The resolution 5.2%/VE @ 3.6% is for the typical momentum range for pi0 and eta in sample in Fig. 32, is not described well with
GlueX and integrated over typical angular distributions for pi0O and eta production ( Eq. 4 and has a large correlation between
0.5-2.5 GeV). the two parameters (-0.89). Nevertheless, in

order to characterize the performance of the
BCAL between 0.5 and 2.5 GeV, we take the

i b) fitted energy-resolution parameters
0.04F % [ P T q __________________ R Sy integrated over the angular distributions for
0 03:_ e S .. R fsim i | a671E © 4.05% tsim 1m0 and npr oduction to obtain a typical
= i S, 5 ' energy resolution for our detector of 5.2%/NE
S 0.02F- L. ¥t R o I i Prad | o . .
s F Fan S e S 67005 R ®3.6%. In order to estimate the resolution at
0.01——ie mures wunspes o I high energy, we use the MC that describes
003 | ; . , ; our data at low energy (Fig. 33) and results in
1 2 E, (GeV)3 0 1 2 E, (GeV)3 a constant term of less than 1.7%. However,

to verify this expectation, we would need
Figure 32: a) Measured and. simulated U] w‘idth as a function of energy for symmetric deca.ys, additional data reaching to higher energy.
where both photons are required to be within 0.1 GeV of each other. b) The energy resolution
of single photons calculated under the assumption that only the energy resolution contributes

to the n width. The curves are fits based on Eq. (Color online)
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GlueX Energy resolution

GlueX Calorimeter is 15.3 X0 thick at normal angle

b)

uf B
i :\\\ ® 12°0<13° (E)=1.75GeV o E=66/{E® 1.7
© I\

" 15°20<16° (E)=1.51 GeV o /E=58/VE & 0.9
0.08 € '

4 25°<B<26° (E)=0.86 GeV oE/E=5.ONE@ 0.5

Y 30°0<31° (E)=0.66 GeV o=/5=4.4nléeo,4

0.06 3

004__ ......................... Vel ..................

0.02} "

=2 &« s
E, (GeV)

Figure 33: Simulated fractional energy resolution for data at different angles from the target
for the distribution in Fig.. At shallow angles the stochastic term increases and the energy
leakage generates a non-zero constant term. The MC data points are fitted to Eq. with the
results shown in the legend. (Color online)
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e/t particle identification
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Performance Impact

® Electron/Pion Separation

— Imaging layers significantly improve electron/pion separation

O _ With ScFi only: pion suppression based on E/p cut utilizing
C ScFi + 6 Img Layers w/o MF ) . .
ScFi + 6 Img Layers w/ MF sum of deposited energy at different calorimeter depth
forL ScFi only w/ MF
i /F‘ T With imaging layers: order of magnitude improvement in
I A pion suppression with ML methods utilizing 3D spatial and
10°; / energy information of the shower profile
- / AT
d Yellow Report requirement: R_ up to 104
102
5 /
I /
10

10
p (GeV/c)



Performance Impact

o Full geometry of ATHENA
Materials from other PID detectors inside barrel
Efficiency for electron drops to ~91%

100 By
/\.—_———- 104
80
60
Ee (%)
103
40
20
—— 6 Img Layers w/ MF —4— 6 Img Layers w/ MF
—}— 6 Img Layers w/ MF and Mat. —4— 6 Img Layers w/ MF and Mat.
0 102

1.0 10.0 1.0 10.0
p (GeV/c) p (GeV/c)
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Pion Rejection Power

Solid line: 6 AstroPix Layers 104l ATHENA BECal sim.
Dashed line: 9 AstroPix Layers

PbWO,4 sim.

3L b
e Best e/pi separation for p < 2 GeV/c 107

e Comparable to crystal calorimeter at

higher momentum 10% Pb/Sc meas.

(PHENIX)

e Afactor of 30~100 boost on top of E/p W/ScFi sim.

cut forp > 1 GeV/c 101 (sPHENIX)
e 500:1 rejection at lower momentum €. >095%

from when E/p does not work well T

OL. ; ;
10561 1.0 10.0
p (GeV/c)
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Number of imaging layers

3D shower imaging:

e 3 layers at the beginning of the shower development to capture the signals of the
shower/preshower starting point for most of the electrons and photons.
o Photons may shower at greater depth, the study of photon shower hits distribution
shows this
o Important for photon physics for the position resolution and 11/y separation based on
shower profile

e 2 layers needed to sample the most dense part of the shower development
o Important for e/t shower shape separation, particle PID
o Important for full 3D cluster reconstruction. Full 3D cluster reconstruction is affected
by small number of hits (visible for low energy particles).
o 3D cluster reconstruction important for spatial resolution for photons.

e 1 layer needed for the shower tail
o Important for e/Tr shower shape separation, particle PID (hadrons, muons)

P u.
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First img layer that photons leave a hit at

First img layer with registered hit for 0.5 GeV |

First img layer with registered hit for 1 GeV |

First img layer with registered hit for 2 GeV |
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# of hits

# of hits

Average number of hits per layer
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Average number of hits in 6 layers

Number of hits Deposited energy (reconstructed)
300""!""!""!""l"" LJILEELESURY [RLNL L PELEY JELIL B ) UL B S N [ELESLEN B

0-1_II|I|IJIII|:IIII!IIII!IIII LI N L B I L B ) TTTT[TTTT

2 300¢ ] s

= - . ()

S C N ©,0.09

#* 250 Q
E ] 20.08
- - L

200

SIGINRENINERNA NN R FRANR AN N

: e 0.06
1 50 : O,i"’% (;.d 0..5 6 0.7 .O.B. 09 0'05 O.I\ 02 &3 D.d’ 05 6 0.7 08:09
- 0.04

100

TTTT

50

TTTT
(111 |

b 05 1 15 2 25 3 B35 4 45 5 % 05 1 15 2 25 3 35 4 45 5
Thrown energy [GeV] Thrown energy [GeV]

7% U.S. DEPARTMENT OF _ Argonne National Laboratory is a
@ ENERGY U.S. Department of Energy laboratory roon
managed by UChicago Argonne, LLC A
NATIONAL LABORATORY

19




Example of cluster reco optimization <[P

Nhits = 18 , min edep = 0.5MeV , distXY = 2.5mm Nhits = 6 , min edep = 0.5MeV , distXY = 2.5mm
Ratio of reconstructed events Photons Réli6 of reconsinicted everits
) s
g g 1
: § 1
E 0 — Clusier = 0 § oo I — nCluster = 0
g 2 3 oot il
g o7 = :
E 06 % 06
§ 0.5 E 0.5
04 040
0.3 0.3
0.2 0.2 n
N R Th V. R R
Thrown energy [GeV] Thrown energy [GeV]
Initial optimization for high E Initial optimization for low E

photons > ~1 GeV photons < ~1 GeV
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Pion Rejection Power - Different Nb of Layers

9 layers — 6 layers
about a factor of 1.5 in pion rejection power

9 layers — 7 layers
similar performance at higher momentum

6 layers — 7 layers

small improvement at lower momentum as
compared to

Standalone performance, no material in front,
no field
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Pion Rejection Power - Different Nb of Layers

R+
_ _ _ 3T field + ATHENA geometry
e With 5 layers, we will experience a drop of
about 20~50% for the rejection power 104
e Low energy point affected by magnetic field
e Efficiencies as shown below for 6 Img layers 103}
100
102_
%) |
Ee (% ﬁ —— 6 Img Layers w/ MF and Mat.
80
—f— 6 Img Layers w/ MF and Mat. Lot —+ .5 Img Il_ayerslw/ MF Iand Mét'
70 0 160 0 2 4 6 8 10

p (GeV/c)
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Reconstruction methods
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Clustering

Current in juggler analysis framework, the clustering is done by

l.
2.

(OV)

digitization -> simulation hits to readout signals

readout reconstruction -> readout signals to energy/timing/position/etc
(calibration)

proto-clustering -> group hits following certain algorithms

cluster reconstruction -> reconstruct position/energy/etc from group of hits

Two clustering algorithms are available now

l.

Island clustering for 2D hits

2. Topo clustering for 3D hits
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Island Clustering

Group all neighbouring hits
Parameterized conditions for finding neighbors
Distance in local-XY, local-XZ, local-YZ,
local-XY scaled by cell dimensions,
global eta-phi, global R-phi

Parameterised minimal energy to be qualified as
cluster center, and minimal energy to participate
clustering
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Island Clustering Splitting

Cluster splitting is available for Island Clustering
Split based on Local maxima that are qualified as cluster center
Hits energy split based on local maxima’s energies and distances

1000
b | | I 500

- 100
- 50

I1o
l 5
|1 I1

=
<
Energy deposition [MeV]
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Topo Clustering

Similar to Island clustering but works for hits from several layers, currently used
for imaging layers

Hits at the same layer, local-XY
Hits from different layers, layer id difference and global eta-phi
Hits from different sectors, global distance

No splitting implemented currently
Mostly MIP signals in imaging pixels
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3D Clustering Samples

All Hits Clusters and True gamma positions
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3D Clustering Samples

All Hits
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Readout

1 U.S. DEPARTMENT OF _ Argonne National Laboratory is a
U.S. Department of Energy laboratory r O n n e
% managed by UChicago Argonne, LLC.

NATIONAL LABORAT




Dynamic Range
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Pixel Energy Deposit (MeV)

e Dynamic range for AstroPix v1: 700 KeV
e To be extended to a few MeV for the proposed calorimeter
e 3 MeV range will cover over 99% of the deposited energy (2 GeV electron simulation)
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Occupancy

e Readout system: two-levels aggregators
e Each stave of the detector: 8 first-level aggregators (~0.3 m?)
o collect the signals from the covered area and send the data to the second-level aggregators
e 2nd lever aggregator: inject the AstroPix layers data into the main data stream; also participate in
the trigger forming for the whole ATHENA detector.

Layer Number | Stave Area (m?) N, / Stave N,;, / Aggregator
1 2.24 89k 11k
2 2.30 92k 11k
3 2.36 94k 12k
4 2.42 97k 12k
5) 2.48 99k 12k
6 2.54 101k 13k
7 2.60 104k 13k
8 2.66 106k 13k
9 2,12 109k 14k
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Occupancy
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Figure 18: The maximum number of hits in first-level aggregators from single-particle simulation with 20 GeV
electrons. The electrons were uniformly generated to scan the whole geometrical acceptance of the barrel
calorimeter. One stave of the barrel calorimeter, including 9 AstroPix layers and 8 aggregators per layer,
is shown here. Each block in the plot represents an aggregator. The hot regions at both ends are due to
geometrical effects caused by endcap calorimeters.
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lonization radiation and neutron flux

I Radiation dose in [J/cm 3} for 1.0 fb " integrated luminosity I Ineutron flux above 100.0 keV in [n/cm 2] for 1.0 fb ' integrated luminosity I
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e Maximum ionizing radiation dose from e+p collisions at the highest EIC luminosity
(10%*cm™s™"): ~1 Rad/year

e Neutron flux: 108 neutrons/cm? per year at the top luminosity (two order of magnitude lower
than the near-beam-line detectors)
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Reconstruction of mr°
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2 GeV photons, y position

[ Hit position in Layer 1]
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2 GeV photons, z position

[ Hit position in Layer 1]
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FWHM of shower for layer 1, 2, and 3

| Hit y-distribution width |
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£ of
>
o 16 EW
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14 =g==-2nd layer
12f —+— 3rd layer.

Hit z-distribution width |

N 1 1 Y 1
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For low energy (0.5, 1, 2 GeV) in 1st layer we see double-peak in y distribution (e+e- from
interaction before calorimeter). FWHM reflects the width of the whole hit position distribution here,

not individual peaks.
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FWHM of shower for layer 1, 2, and 3

[ Hit y-distribution width | [ Hit z-distribution width |
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For low energy (0.5, 1, 2 GeV) in 1st layer we see double-peak in y distribution (e+e- from
interaction before calorimeter)



First img layer that photons leave a hit at

First img layer with registered hit for 0.5 GeV |

First img layer with registered hit for 1 GeV |

First img layer with registered hit for 2 GeV |
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Physics Impact

Separation between %y

® Photon physics

With imaging layers: using 3D shower profile separation of ys from 11° decays
at high momenta up to ~40 GeV/c at R = 1.03 m and normal incident angle.

vy Merging Probability of m° decay at R = 1.03 m

With ScFi only:
—— ATHENA [6.0 X FWHM of Hits Distribution]
—— i5er] oniy e mml e Effective cell size of 2 cm x 400 cm
>1-0 e Separation driven by timing resolution. Timing resolution at GlueX results
=08 in z-position resolution of the order of 3.1-2.2 cm for neutral showers at 0.5-5
- GeV'
©
c‘é 0.6 e In the ideal case for balanced ys energy and requiring about 20 separation (6
& 8.4 cm) between showers - separation up to ~7 GeV (blue curve)
0.2 Spatial resolution of y
0.9 e From imaging layers: of the order of ~1 mm (1 GeV y)
1 2 5 10 20 50 e For GlueX ScFi: of the order of centimeters from timing resolution (~150 ps
P (GeV/c)
for 1 GeVy)

Yellow Report: Separation required up to 20 GeV

1 See Figure 28 in Nucl. Instrum. Meth. A 896 (2018) 24-42, Construction and Performance of the Barrel Electromagnetic Calorimeter for the GlueX Experiment
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NEUTRAL PIONS =r° - yy

Invariant Mass Reconstructed Invariant Mass
2 800
C

g
= |dentify two ys from a neutral pion 700

— Position info from imaging layer 600
— Energy info from Pb/ScFi layer
= Calibration factor applied to account for

slight energy dependence of sampling
fraction 300

llllllll.lllilll! 'lendf mfzg
i : : Prob 4,036e 29

; : : Constant 700.6
T e T B Mean 137.1

Sigma 9.287

_______________________ _______________ ZGeVﬂ-O __________
5 5 __example

500

400

» |nvariant mass calculated from gammas 200
energy and opening angle 100

IIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIL

50 100 150 200 250 300
mass [MeV]
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NEUTRAL PIONS 7° - yy

Energy and Position Resolution at Cluster Level

= Reconstruction of 7° from two ys
» Possible to have even better improvement with first layer hit information

Energy Pseudorapidity Azimuthal angle
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AstroPix
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AMEGO-X at NASA

AMEGO-X at NASA

All-sky Medium Energy Gamma-ray Observatory eXplorer

“ AMEGO-X operates both as a Compton and pair-production telescope e Si Tracker
to achieve unprecedented sensitivity between 100 keV and 1 GeV ’ Pa—

Tracker Module

«— (40 segments)

Calorimeter
Module

% Gamma-ray Detector (GRD)
< Tracker Module (AstroPix), Calorimeter
< Anti-Coincidence Detector (ACD)

FPGA board, heat sink, model array
Passive cooling only

% To reject charge particles (background) M ik s S

+ V2 expect ~0.75 mW/cm? Anti-Coincidence

Gravitational Waves + gamma rays:
Identified the first counterpart to a ~ Detector (ACD)
<
R‘ gravitational wave event 2

High energy neutrinos +
gamma rays:
Identified the first source of high

energy neutrinos outside the galaxy

The Science of
Extreme Explosions and Extreme Accelerators




AstroPix Development

AstroPix for AMEGO-X

AstroPix2 Ul

ATLAS-Pix3 Energy Resolution

AstroPix Sensor

== AstroPix v2
= AstroPix v1

< AstroPix are CMOS sensors based
on ATLASPix3 sensors (arxiv:2109.13409)

< AstroPix vl (4.5 X 4.5 mm?2 chip)
18 x 18 pixel matrix with 200um pitch

Reverse Current. uA

< Timing resolution ~ 25 ns

% Low power dissipation

% Targeted energy resolution is <10% at 60 keV

% AstroPix v2 is under testing (10 X 10 mm?2 chip)
% 35 X 35 Pixel matrix with 250 pm Pixels

" ’—_k_

Artificial Charge Injection (AstroPix v1)

oa o0 0m

)
value m 008 m

APS Array
19 X 17 |ers

|q1ta veriphery ll Common Bus Ba

Wirebonds B8

e Fe cd

14 e Ge * Ba
o Y  eeees R Requirement
12 Mo
; 8 . ] [
I, ¥ !
2{ arxiv:2109.13409 +
5 10 15 E (ke20V) 25 30 35
APS Quad
(hlp (95x)
L - j Board
P
f APSK1100
: ' « Support Frame
I <—Stand 0ffs (16x)
« < Corner Blocks (4x)
e Segment Ed
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AstroPix Development

AstroPix for AMEGO-X = .l [ &,

AstroPix Setup

% GEneric Configuration and COntrol System (GECCO)
% Connection to FPGA - NexysVideo (Xilinx Artrix-7)

% Vivado Design Suite HLx to program ASIC chip .
% Assembly and testing of AstroPix sensors with GECCO boards through FPGA

N \
' =i
) .
| -

U

o P

| e

~ AstroPix-v2 carrier board



AstroPix Development

-== Cubic Spline Preliminary
,—"_%057

AstroPix for AMEGO-X (V1)

Testing of CMOS sensors
0.25 ,,,"‘ Cd109-

-
-

0.20 4 /1’ Am241
.

< Data is collected with different y & f - radiation sources

-,
’

0.15 87 Cos7 edge
7/

% Data is analyzed for pulse amplitude distribution and
rise time

/
0.10 I/+ Ba13
./
II Cd109
/

e Cos7  y=0.000x>+-0.000x2+0.008x + -0.083

0.05

Fit Mean [V] (from peak height)

< AstroPix setup will be integrated with ATLAS telescope
planes using HSIO system s

-0.05 T y y T T T T
3 0 20 40 60 80 100 120

100 %08Sr data True Energy [keV]
E Bias -15V
0:— Energy Resolution - Americium241, pixel 1 Energy Resolution - Cadmium109, pixel 1
F 1750 — Fit 100 — Fit
~100{— Energy res = 8.9 Energy res = 4.91
E e Fit parameters: 140 Fit parameters:
E : Amp=101.64, :=0.204, 7=0.008 Amp=49.93, 1=0.260, 7=0.005
~2001= - Data 120 [
b Rise Time (10-90%) -
£ E ouu: Preliminary g 80
Rt = 5 . B - Sources S
F &2 500/ -
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AstroPix Development

AstroPix for AMEGO-X

Testing with 120 GeV proton testbeam

¢ AstroPix v2 - 1 cm X 1 cm size chip

¢ 35 X 35 matrix; 250 pm X 250 pm pixels

< Power dissipation - 5 mW/cm?2 + Digital (in progress)

* Current study to check latch-ups

» Work in progress: Digital output

< Digital information; chip ID, pixel location, timestamp, and

two bytes for the time-over-threshold (ToT)

o2

Voltageboard settings: (1.1, 1,0, 0, 1, 1.1,0, 0]

Digital: {interrupt_pushpul” 1, 'En_Inj1": 0, 'En_Inj2" 0, 'En_Inj3" 0,

0, En_Inj13' 0, ‘En_Inj14" 0, ‘En_nj15" 0, 'En_Inj16": 0, EN_Inj17";
rabis" 1, Extrabit? 1. Extrablig- 0. Extrabitg: 0. Exrabiti0" 0

Biasblock: {DISHIDR': 0, 'q01": 0, 'gon0": 0, ‘qon1": 1, ‘qon2" 0, ‘qon3

DAC: {Blres': 0, nut": 0, 'vn1": 20, Yo 1, ol 10, muS- 0, ug

\vprec” 30, ‘vnrec’: 30)

Receiver: {(ColConfig0'; 274877906941, ‘ColConfig1': 68719476734

68719476734, 'ColConfig6': 68719476734, 'ColConfig7": 687194767
68719476734, ‘ColConfig12": 68719476734, 'ColConfig13': 6871947
68719476734, 'ColConfig18™ 68719476734, 'ColConfig19": 6871947
68719476734, "ColConfig24": 68719476734, 'ColConfig25'. 6871947
|687|9476734 ‘ColConfig30": 68719476734, 'ColConfig31": 6871947

Header: Chipld: 0 Payload:4  Location: 0  Row/Col: Row Tir
Header: Chipld: 0 Payload:4  Location: 0  Row/Col: Col Tir

»  AstroPix v3 is under development
bytes

o 1 2 3 4

Header Hit Location T8 ToT MSB ToT LSB

0: Frame of 4 Bytes Payload (5 Bytes total)
Chip ID in Header
1: Hit Location (within the Chip)
1 bit = Row or Column
1 bit Reserved
6 bits Row or Column ID (up to 64 row or column)
2: Timestamp
3: ToT LSb

- 4: ToT MSb with unused bits in the MSb of that byte

Header: Chipld: 0 Payload: 4 Location: 0 Row/Col: Row Timestamp: 165  ToT. MSB: 15 LSB: 77 Total: 3917 (39.17 us)
Header: Chipld: 0 Payload:4  Location: 0  Row/Col: Col Timestamp: 165  ToT. MSB: 15 LSB: 14 Total: 3854 (38.54 us)

Header: Chipld: 0 Payload:4  Location: 0  Row/Col: Row Timestamp: 165  ToT: MSB:4  LSB: 14 Total: 1038 (10.38 us)
Header: Chipld: 0 Payload: 4 Location: 0  Row/Col: Col Timestamp: 165 ToT: MSB:3  LSB: 190 Total: 958 (9.58 us)

LATLAS FEI4
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Muon PID
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Muons in barrel region

e For energies below ~1.5 GeV/c muons curl inside the Barrel ECal

[_Energy reconstructed in BECAL/Momentum _ | [ Energy reconstructed in BECAL/Momentum | [ Energy reconstructed in BECAL/Momentum |
2 240f"7 ! 2 @ F 3 @ C g
§ 220 - Muons : E 5 700: 0 3 S C i
& Tk | 0.5GeVic 1 @ £ 0.7 GeV/c g ] i el 4 1.0 GeVie 1
200 - pions l. = 5 3 C .
180 I I = so0 | ] - E
160 £ T = E G 200
3 [ ”HLIJ;'A] ! : S0OF : s :
o L : a ; g ]
120 I | 1 b E 400, ; 150 .
100 [ I N 3 = B C ]
: [l E 300 . C ]
804 ﬂr E E J l] 3 100 o.My 1
60 ] LI"I i c 200 F ] - llll:}wl: .
H il [l b E = 3 C ]
40F ly |& E F nﬁmﬂm]ﬁ"‘l[hn ]1 1 50 4]
20F i = 100F " .»J"}N E . I ]
9 002 00 006 008 01 012 044 % 002 004 006 008 01 012 013 0= e e
/ Reconstructed Energy/Momentum ReconstructeTnergy/Momentum 9 on.gtar ucte:gnerg;)/.rzzomen(::;
M h onlv a few first | o 1. Muons curl completely inside the
uons reach only a lew 1irst fayers Muons curl completely inside the BEcal and leave whole energy inside
of BEcal; deposit partial energy inside BEcal and leave whole energy inside 2/l Muons punch through BECal, and

the BECal and curl back curl back to stop in BECal

Muons punch through BECal, and
don’t curl back (MIPs signal)

Sampling fraction of Barrel ECal = ~0.1



Muons in barrel region

Example of and pions at p = 0.5 GeV/c atn = (-1,1)
Efficiency: 98.9% — Rejection Power: 6.6
Efficiency: 95% — Rejection Power: 9.7

Total Energy deposit in ScFi/Pb NN output likelihood

10—2‘ I:I mu- 104
u eff = 98.9%
T rej = 84.9%

1 pi- i u eff = 95%
|17 rej = 89.7%
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Muons in barrel region

e For energies below ~1.5 GeV/c muons curl inside the Barrel ECal
e Barrel ECal with 3T field “serves as” an HCal

PID Cuts
1) Method 1: Using only information from ScFi in Barrel ECal (Energy losses in layers)
a) Cuton E/p from single ScFi/Pb Calo Layer or sum of all ScFi/Pb Calo Layers

2) Method 2 (showing impact of imaging layers): ML supported, using information from ScFi/Pb
and Imaging layers
a) Input which encodes the energy and spatial distribution of the particle's shower
= Four features for each hit: n, ¢, E, R = V(x2 + y?); (no n for ScFi/Pb)
= Values normalized to [0,1]
= Three-layers convolutional neural network and three-layers perceptron network
= Network outputs: likelihoods of the input particle to be identified as a muon or a pion.
Likelihood cut: 95% of muon efficiency



Muons in barrel region

Example of and pions at p = 0.5 GeV/c atn = (-1,1)
Efficiency: 98.9% — Rejection Power: 6.6
Efficiency: 95% — Rejection Power: 9.7

Total Energy deposit in ScFi/Pb NN output likelihood

10—2‘ I:I mu- 104
u eff = 98.9%
T rej = 84.9%

1 pi- i u eff = 95%
|17 rej = 89.7%
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