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Digital Pixel Calorimeters

Concept:
» Calorimetry with MAPS technology
= Detection of individual shower particles

Feature:
= Ultra-high granularity
» Good shower separation and position resolution

Context:

= Bergen pCT Front. Phys., 22 October 2020, Sec. Medical
Physics and Imaging

= ALICE FoCal 2024 JINST 19 P0O7006, 2021 NIMA 988
164796, 2020 JINST 15 P03015, 2014 NIMA 764 24-29

= EPICAL-1 2017 JINST 13 P01014

Transition cards

Bergen pCT EPICAL-1

= EPICAL-2 2023 JINST 18 P01038
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EPICAL-2

Electromagnetic Pixel Calorimeter 2:
» Prototype of digital electromagnetic calorimeter
» Explore potential of digital calorimetry

» R&D for ALICE FoCal (2 pixel layers)

= S|-W sandwich design

Layer cable
Chip cable = =20 radiation lengths
ALPIDE sensor = 24 layers:
SMD flex mount » 2 adjacent ALPIDE sensors
Tungsten spacer 0.5 mm = 3 mm tungsten absorber
Tungsten absorber 3 mm = Active area = 27 x 30 mm?
Composition of single layer = = 25 million pixels with 29.24 x 26.88 ym? size
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Energy Measurement

Analog calorimeter: Digital calorimeter:
» Energy deposit » Number of hits or clusters

layer 4

layer 3
\
layer 2
_ _ v' ' shower
Pixel Hit M particles layer 1

e

pixel (-cell) layer 0

primary electron primary electron
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Data Taking & Simulation

Cosmic muons Allpix? simulation (version 3.0.2)

= Utrecht University = Simulation includes shower development,

charge deposition, propagation and digitization

Electron beam: 1.0 - 5.8 GeV
= DESY Il test beam facility

» Detailed EPICAL-2 geometry implemented

= Additionally: Enlarged EPICAL-2
Performance paper published: geometry implemented

AUz JNST L PUlEE » More detailed studies

front back

Electron + hadron + muon beam: 20 — 80 GeV
= CERN-SPS H6 test beam line

. tiles
N eW| Th |S tal k Layer O Layer 23

beam particle
24 Layers

(48 chips)
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EPICAL-2 Performance
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Detector Response

5 GeV, hits 40 GeV, clusters
3 10° ;— EPICAL-2 preliminary — distribution : El - EPICAL-2 preliminary — distribution
% = 5.0GeV — Gaussian fit Response observables % - 40.0 GeV — Gaussian fit
g ol 1. Pixel hits § 10°
2. Pixel hit clusters
10°g 10% £
- Methods to determine f
mean W and width o: oL
10E Arithmetic mean and
standard deviation I
1=
1 : L :
, L L L 1 1 Gaussian parametrization E A - A |-
0 1000 2000 3000 . 2 2000 2500 3000
‘ NHit In range IJ_ 0 NCIus
Low-energy electrons Pileup Hadron background
and leakage and leakage
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Linearity

Mean p of the detector response:

= - EPICAL-2 preliminary
- data sim.l
10 ¢ o hits = @ same as
- m o clusters
L e EPICAL-1 hits
N | fi . . .
i near it = Parametrization with:
103? ILI(E) =ax*xk
2 . . .
10 / Simulation describes data well\
Sk | o . . | : i i
o020 o o§oam, « Good linearity for hits,
o1F . . comparable to EPICAL-1
- o ; ; ; 0e® .
OF----mmmmmeee S 9.--.‘.-0--.‘-'-.‘. . . . . .
: :  Higher deviations from linearity
T 10 e for clusters due to cluster

E (GeV) \ merging at high E j
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Resolution
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EPICAL-2 hits
24.2
£ @ 3.1

VE

EPICAL-2 clusters
18.4
2= @27

VE

EPICAL-2 hits sim.

21.5
el @23
VE

EPICAL-2 preliminary = R

1 | | IIIIII| | | |

EPICAL-2 clusters sim.

Resolution o/p:

« Simulation yields

better resolution than data

» Test beam energy spread not
accounted for in simulation

* Clusters yield

better resolution than hits

1

10

JOHANNES KEUL

= Statistical fluctuations of hits per
cluster have no impact on Nge
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Resolution

40 EPICAL-1 hits (MIMOSA)

—— 300 pb63g23 : :
(e E » Fit method: allows for comparison

* EPICAL-2hits of the EPICAL-2 results with

olu (%)
17T |

35

30 — &é“ ® 2.1
: = EPICAL-2 clusters EPICAL-1 and CALICE
= — 173417
- VE
20 —— CALICE physics prototype
- 16.59
- 1599 3 1.05 _
3 £ a ‘ better resolution than @ )
10 _
- * Improved resolution
51 -
- EPICAL-2 preliminary Compared to EPICAL-1
0 _l | | | I | | | | I I | | .
1 10 107 * Resolution for clusters almost as
E (GeV)

\ good as CALICE prototype /
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Shower Shape

18.02.2025 JOHANNES KEUL PERFORMANCE AND SHOWER-SHAPE STUDIES WITH EPICAL-2




Event Display

Xx-Z projection

EPICAL-2 data §20 e
20 GeV electron Detailed information S TouET. -
clusters about shower shape: A
—~ § 10 oo ¢ commmmmm-
% 20- = Longitudinal (z direction) 5 _.___:E"_
~N 15 = Lateral (x-y plane) . -
} 45 10 -5 0 5 10 15
10"_ x (mm)
] X-y projection y-Z projection
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Longitudinal Profile

‘!>
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EPICAL-2 preliminary
data sim.

.

— 1GeV
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— 5GeV
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0 5 10 20
layer

x10°

| EPICAL-2 preliminary s 1GeV

: data Py 5GGV

- ¢ 20 GeV

i Data + 40 GeV

i ¢ 60 GeV

| + 80 GeV

— param.
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<Ny

<Ny

25

x10°

- '
i .
.

: ‘.l"i '
3 ) o

S P S Estg:AsITﬁ_preliminary

—— 20 GeV ( . . . . \
— fooev » Shower profiles described by simulation
— 80 GeV

 Shower maximum shifts with energy

\_ _J
T Extraction of shower maximum position t, .
layer
R » Parametrization with empiric function
i Emag\tli_éﬁpreliminary 4 1GeV
L ¢ 5GeV

f(t) = Axt®*e Pt

= Shower maximum position
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Longitudinal Shower Maximum

~ 10
> - . :
Y EFIGAL-2preliminary Depth of shower maximum:
£ 9 T O
- e o hits a
- gr’o . : )
gf " 7 clusters R « Increases logarithmically with E
- - !
7H 8  For low E:
: p « Simulation describes data
°F o « Clusters and hits similar
o T |
PR  For high E:
41 g m( E )_0_5 - Simulation overestimates data
: 7825 MeV « Clusters diverge from hits
3_
_I I| 1 | 1 I I| 1 | 1 I | I|
1 10 10° « Data and simulation below
E (GeV)

phenomenological estimate
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Lateral Profile

& 104 E & 104 E
= - EPICAL-2 preliminary = = EPICAL-2 preliminary
13 P L e-, 5.0 GeV 3 10° L e-, 40.0 GeV
Q;E 2 i ’ Q;E 2 - T ::*4 . . .
~ 10°g — . ~ 100g %33 Lateral hit density profile:
10 - 10 T, . . .
: +**i-.""“\.' :  Simulation describes
e %*Z;:_ e shower profiles
- = — S —e-asy . e =
10" £ data sim layer %‘% 107 £ data sim layer .
= L . o = L L o - Shower widens
0% | L 47 0% | L 47 towards later layers
oo ¢ 0 1 L
; . o 18 § . o 18
1 —4 | 1 IIIIII| | 1 IIIIII| 1 IIIIII| 1 —4 1 IIIIII| 1 1 IIIIII| 1 1 IIlIIII 1
010 107 1 10 10502 10 1 10
r (mm) r (mm)
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Shower Width

18.02.2025

shower width (mm)

= FWHM of lateral hit density distribution

N EPICAL-2 preliminary
Z_H : :32:85 (. Layer 02: shower not yet developed )
B o layer12
s H * layer18 « Shower gets narrower with
- H g increasing E at same layer
B H HE]
- H . . » Information on width as a function of E
[ [ s LR q useful for optimization of FoCal pixel
- - .. [ g ole layer position
:l Il_f_] Ig [IE |$| @E 111 | % 1 Elé' | |$| IIIEI | .

1 10 102 * Shower width on the order of few mm

E (GeV) » Strong shower separation power
\ _J
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Moliere Radius
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Introduction to Moliere Radius Measurement

X-y projection

E 60 EPICAL-2 XL e, 80 GeV
: I ’ = Small Moliere radius R, expected
40~ from Si-W design
20 -
i = Confirmation of small R, with measurement
0 B o
—20:— ) = Challenge from small detector size
40
[ EPICAL-2 : = Correction with EPICAL-2 XL simulation
—60F =10% leakage

T T 1 T 1 L L T L I T

60 -40 20 0 20 40 60
X (mm)
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Lateral N;; ¢, Profile

= Lateral Ny s Profile,

Differential Cumulated summed over all layers
e = Differential
= oL EPICAL-2 preliminary ¢ data & = Cumulated overr
~ = e-, 80.0 GeV oo sim. ~ 5
O C O B
< qek < > Good agreement between
- ()] — . .
= o 8 4F data and simulation
10 & ! Limit from E [
C . >3 =
L » 1 detector size °© L a  EPICAL-2preliminary ¢ data
s | 3 e-, 80.0 GeV & sim.
C S | | -
107 ! 5
c ol ole
S el B
- 4 -
10° & 1 i
- ] -
g ! i
0% NI S E R B R
0 20 40 60 80 100 0 20 40 60 80 100
r (mm) r (mm)
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Lateral N;; ¢, Profile

_ _  Lateral Ny s Profile,
Differential Cumulated summed over all layers

 Differential

» » x10°
2 107 La EPICAL-2 preliminary ¢ data &0 « Cumulated overr
~ = e-, 80.0 GeV oo sim. ~ 5
6 : 1 ) 6 : I““““mH””””””m||IH\HHIH\HIHIHH\IHHHIIHHHHH\IIHHHHIHHHIIHHHHHHIIIHHHHHHIHHHHHHHHH
< qek 9 XLsim. < - Good agreement between
g D s —— : :
- s 4 @ data and simulation
10 E g : L
- 3 ]
1L - § EPICAL-2 preliminary ¢ data
2 3 _—H e-, 80.0 GeV g sim. . .
ok : b XL sim. XL simulation:
; 2® » |ncreased size (4x) of
—2 | L . . .
107¢ i EPICAL-2 in all directions
3L 1_ ..
107 ¢ - = Leakage negligible
10 NI B B B B = Used for correction
0 0 20 40 60 80 100
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Measurement of the Moliere Radius R,

5 x10°
o B [
< gL
Q_g) — : mHIH\HI\IIHI\I\IIIH\IH\I\IHIHIH\HIHm|\I\IIIIHIII\I\IH\l\I\I\HIII\III\I\I\Imul\luml\lhml\lh - Fu” response (100%)
S R il el -— 90%
8 4 f = Ry:largest r where
g Z o : cumulated response < 90% of full response
-] L
° - o | EPICAL-2 preliminary @ XL sim.
3 | e-,80.0GeV
- o |
B |
B 1
27
i |
- 1
= |
1o |
B 1
i I
i |
I | i I | | | I | | | I | | | I | | |
0 20 40 60 80 100
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Measurement of the Moliere Radius R,

5 x10°
z 5L
ZQ_:) : IR P ey = FUII I’eSpOnSG (100%)
g - - 90%
& 4 = Ry largest r where
g . 5 : cumulated response < 90% of full response
-] L
© _F®§, | EPICAL-2preliminary ¢ data
3 ,, e-.80.0GeV 4 sim
g .
B a XL sim.
g ! : . :
2% = Bias on R,,from limited detector size
- I 1
o = To be corrected with large simulation
1= 11
B 11
C 0
B 1
NN [T T T TSN AN TN SO NN NN SO NS SN RO R
0 20 40 60 80 100
RMsim. RMXL sim. r (mm)
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Correction

e 17 |
£ | -
S [] ratio Zlmﬁ itas on
¢ 1.68 ) )
@ correction function
= . . . . .
(S = Using ratio R/*-s™ / R,,s™ for correction

1.66

1.64

e = Parametrization with correction function

|III|III|III|III|III

16
- = Multiplication of R,,in data with correction
1.58 function to correct for limited detector size
1.56
_Il | 1 | 1 [ 11 II | 1 | | I |
1 10 10?
E (GeV)
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Measured R,,
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[¢]
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¢ hits
» clusters

- - value estimated from material composition

(e]
o

¢ hits sim.
o clusters sim.

®eg

EPICAL-2 preliminary

IIIII|

|_iu]

| I N N |

- —1F

10

JOHANNES KEUL

10?
E (GeV)

p
Simulation:
» Underestimates R, for small E

> Overestimates Ry, for large E
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Measured R,,

E i35l ¢ hits % hits sim.
;:é ~  #& clusters o clusters sim.
13:_ - - value estimated from material composition = Measurement influenced by two effects:
E. o ©
B e © o . , . .
125F Y * e * shower particles’ angle of incident
Lo ° = Larger
12—
L m]
L | |
11.5:— =
b :
105" : 5 BE
- 4 EPICAL-2 preliminary
1O_Il | 1 L1 1 I| | | | | |
1 10 10?
E (GeV)
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Measured R,,

E i35l ¢ hits 5 hits sim.
;:é _ #clusters o clusters sim.
13:_ - - value estimated from material composition = Measurement influenced by two effects:
E ° o ©
125F * 7 e ag I shower particles’ angle of incident
e = Larger
12—
- 2. Clusters: cluster merging
s = Smallr
b = LargeE
osbs . "=mg = Effects lead to overestimation of R,
T o
- 8 EPICAL-2 preliminary
1O_Il | 1 L1 1 I| | | | | |
1 10 10?
E (GeV)
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Measured R,,

E i35l ¢ hits % hits sim.
;:é _ #clusters o clusters sim.
13:_ - - value estimated from material composition = Measurement influenced by two effects:
125 * " eag : « ° o 1. Hits: shower particles’ angle of incident
- = Larger
12— .
: : 2. Clusters: cluster merging
nse - = Smallr
1E g = Large E
05" . DDEH """""""""""""" = Effects lead to overestimation of R,,
& EPICAL-2 preliminary
10t . il A = R, at E =5.8 GeV for clusters unaffected
1 10 107 by both effects

E (GeV)

» Measured R, close to expected Ry,
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Summary

EPICAL-2:

g “F YA < 10: EPICAL-2 preliminary
= High granular digital pixel calorimeter - Soweme T
= Silicon MAPS + tungsten absorber e e
155 18596 1.05 °r / ﬁi
= =29 x 27 ym? pixels o
5— EPICAL-2 preliminary 4?5 ln(7'82§MeV)_0'5
Performance: E R
» Good linearity and resolution 6
-g 5 130 -- value estimated from material composition
Shower shape: E L o i
> Shower width in order of few mm s :{-H i o
Strong shower T e W
MOIIere radIUS: a Separa’tion power 1? ) T e : g é; 10.5? e ™ EPICAL-2 preliminary
o? B eeEm,,, % ‘%.@‘E.\z 105] il i
> Small Moliére radius, as expected ec ° ol
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Backup
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Resolution
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30 — 184457
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----- =220
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Correction

18.02.2025

sim.
M

RR(AL sim./ R

—
~

1.68

1.66

1.64

1.62

1.6

1.58

1.56

. simulation
E ratio e-, hits

correction function

|III|III|III|III|III

= Using ratio R/tsm- / R,,S™- for correction

= Parametrization with correction function

f(E) =a*ln<1§ev>+b

1 10

JOHANNES KEUL

' i S = Multiplication of R,,in data with correction

10?

E (GeV) function to correct for limited detector size
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