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‘i MAPS ofler excellent performance for

"’ future collider tracking and calorimetry
Tracking sets the primary requirements for Calorimetry benefits from achieving these
MAPS in future colliders: tracking motivated detector development goals:
e 7 um resolution, < ns timing, e Stitching for ~1200 m? calorimeter system;
1/4 mip threshold;

e mm scale separation of shower constituents;
e Power consumption (<10 mW/cmgZ)

compatible with large area and low material; » Detailed jet reconstruction, aiding and

improving particle flow reconstruction;
e Fault-tolerant circuit strategies for wafer-

scale MAPS:; e Energy resqlution p_erformance exceeding
energy resolution requirement for electroweak
® StitChing for ~75 m? tracking SyStem. and nggs physics_

Particle flow calorimetry builds on high precision tracking
with high granularity calorimetry to distinguish the source of energy depositions.
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Main specifications for Large Area MAPS development

TID-AR g~ A />

Parameter NOtles
Min Threshold @ W ith 10 um thick epi layer
Spatial resolution peme"Dlane, based on tracker specs
Pixel size um2  Optimized for tracking  (or 25x50/25 pm?2)
Chip size 9 X 20 cm2 Requires stitching on 4 sides

i i <200 pm for tracker.
Chip thickness 300 pm Could be 300 um for ECal to improve yield.

Timing resolution

(pixel)
Total lonizing Dose 100 kRads Total lifetime dose, not a concern
Hits spatial distribution Clusters Due to jets
: Only on one side, where wire-bonding pads will be
Balcony size 1 mm

located.
Power density Based on tracker power consumption

L. Rota




First sensor prototype, NAPA-p1, fabricated in
65 nm CMOS with a 1.5 x1.5 mm2 footprint and
25 um pitch, achieved promising results.

(as part of a CERN WP1.2 shared run)

Specification Simulated NAPA-p1

Time resolution |1 ns-rms 0.4 ns-rms \/
Spatial 7 um 7 um

Resolution \/
Noise < 30 e-rms 13 e-rms \/
Minimum 200 e- ~ 80 e-

Threshold \/

0.1 mW/cmz2

Average Power (<20 mW/cm2
for 1% duty cucle v

density

JINST 19 (2024) 04, C04033

MAPS ECal for Particle Flow Calorimetry

MAPS Calorimetry Builds on

Tracking Sensor Development

Second design, NAPA-p2, developed to reduce
power density and achieve good tolerance to
ohmic voltage drops across a large column of
pixels. (as part of a CERN WP1.2 shared run)

Improving time resolution & power trade-off.
Timing resolution designed at system level.
TDC integration
challenging due to
spatial, routing
and power constraints. (link)

Talk by Lorenzo Rota (SLAC), Wednesday, 2:40, Great Room

First laboratory characterization (noise, threshold, timing)
Current performance, operating points, planned improvements
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https://indico.slac.stanford.edu/event/10213/contributions/15788/attachments/6835/17089/MAPS-USFCC-2026.pdf

~\ SIMULATED ECAL PERFORMANCE

SitD - Shower energy & transverse position measurement

N”

EM ENERGY RESOLUTION
single bit digital

HITS 16.4%/\/E ®2.0%
CLUSTERS 122%/\WE & 1.4%
IDEAL - MIPS 8.8%/\/E®0.2%

EM resolution goal set by particle flow.
SiD ECal = 27 Xo (20 thin +10 thick layers)

Shower Clusters

ShwrplotOSca
10GeV o

ssssssss

MAPS ECal for Particle Flow Calorimetry

Shower position
Shower measurement (mm
spread within 4 | within 3

(mm- mm mm
rms) & 1st 20 & 1st 15

Layers Layers

Ev

4 7 42 119 1.06 041 040 0.33 0.33
48 43 043 037 014 014 012 0.11
46 0.21 019 0.07 0.07 0.06 0.06

This precision can be improved:

- naive, simple selections.
Important for j jet particle flow measurements.
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Shower Clusters
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Detailed measurements for particle flow analysis illustrated by piO reconstruction
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Resolution vs. Energy (hits/clusters/mips)

Resolution vs. Energy
(hits/ clusters / mips)
& weighted clusters.

clusters
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Gamma Resolution vs. Energy (B=5T)

25 um x 100 um pixels
Bz=5T

Gamma Resolution vs. Energy

e

TDR (17VE®1)%
hits (B=5T)
clusters (B=5T)

wtd clusters (B=5T)
mip active pixels
ALL mips (E>0.1 MeV)

SiD ECal = 27 Xo

.| (20 thin +10 thick layers)

Cluster properties weighting

improves performance.

Gamma energy (GeV)
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Al and Machine Learning =

N
# Neural net has been applied to isolated MAPS EM shower measurements.
# Training based on different mix of parameters: . T
+ cluster size; 7 wid -
we-clusters 10 G
: > g eVy
» radius from shower axis;
# depth in shower; R,
« cluster shape; i< )
el o 43%
“ pulse heil : : e
P 5 "I TMVAmips= |
i f : w-  f(CISz,Layr,R,dY,dZ)
# Neural net optimization of isolated EM shower 10 GeV'y
matches weighted cluster improvements. SR

+ Jet reconstruction expected to improve, using excellent MAPS isolation and
detailed measurements for a detailed machine learning approach.

MAPS ECal for Particle Flow Calorimetry J. Brau - 20 October 2026



+ ECal Tungsten configuration

+ SiD - 20 thin (2.5 mm W) + 10 thick (5> mm
W) — 26 Xo

+ CLD-40 (1.9 mm W) — 22 Xg
* Studies of pixel size and longitudinal sampling
g pielsize?25 < 100m2 =—1 el mni

« longitudinal frequency every 2/3 Xo —
every 2 Xo

+ calorimeter depth: 26 Xo — 20 Xo

MAPS ECal for Particle Flow Calorimetry

Mips

Opumization of ECal Configuration

e . =
5D
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Resolution Change

@ Resolution for ECal Configurations ﬁ :
N

Number of samples = # thin + # thick
Depth =t (# thin + 2 x #thick)
1 GeV SiD 50 GeV
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ECal Optimization

Pixel size variations

0025 mm2 — 1 mm?2

Energy Scaled Counts vs. Energy
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100 x 100 um? (dark blue) is nearly as precise
as 25 x 100 um? (light blue)
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Count Resolution
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N
‘0 KE.Cal heat management
N

+ Active cooling (circular collider):

» MAPS generates ~1 uW/pixel CW £ Yoo sbetcing

* Minimize degradation
» ~0.16 W/sz CW for pixel area

~16 kW/m2 CW = 625 um? + Power pulsing (linear collider)::
» Active cooling or power pulsing * Duty cycle - 0.07% (C3/CLIC)
: : - AT~05-2K
is required
“ Duty cycle - 0.5% (ILC)
-AT~4-16K

Heatmap(K) - Duty cycle = 0.005

Pixel power = 1 microWatt

=150 - ! _ |
"5_ — Pixel area = 625 micrometerA2 <" 10
Q145 - 51
5135 = o|
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Baseline CLD Calorimetry

Prajita Bhattarali

Sampling calorimeter with 5.1mmX5.1mm Si pixel, 40 layers total

Moliere
radius R"1
depend on
material

layer

15 |
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30

35

40

L 4

r—X
1 —— -

" 2R_M=18mm

transverse view at shower max — 5.1 mm pixel grid
{ it

— e — e ~" 1R_M(20%) -~ 2R_M (99%)

e Analog sensors collect all charges above some threshold

e Cooling assumed to be passive, no active cooling for sensors

2.7

55
Shower max

spgwer ,s,,a,depend on energy
~layer

"

13.8
one
layer
«s Each layer ~5.55 mm
19.2
22 Xo

l photon [ e

Tungsten absorber (W alloy)
radiator — EM shower initiates here

G10 PCB substrate

_Ground [ HV plane

x40

Silicon sensor (5x5 mm? pads, SEN 4 5 mm
~42 000 e-h pairs per MIP

air gap
Readout PCB + ASIC (siPCBMix)
bump-bonded readout chip, CO, cooling here
air gap

G10 back plate (structural)

pattern repeats x40 - ~222 mm total depth, ~26 X,

Is MAPS ECal feasible for FCC?

Does this bring any improvement?

1.90 mm
~0.54 X,

| 0.15mm
| 0.0 mm

0.5 mm
0.10 mm

1.30 mm
dead material

0.25 mm
0.75mm



MAPS ECal feasibility under sttdgl

Adding Active Cooling

X () Sisensitive Si dead G10 /Cu

siPCBMix CO, cooling Al (config 3)

Prajita Bhattarali

config 1 — haseline CLD
analog readout - 0.50 mm Si pad - 5.55 mm total

tungsten absorber (W alloy)
1.90 mm - 0.54 X, - radiator

| silicon sensor — SENSITIVE |

readout PCB + ASIC (siPCBMix)
bump-bonded analog chip - 1.30 mm - dead material

G10 back plate (structural)
0.75

repeats x40 - 222 mm total depth - ~23 X,

Probably too large might be
able to make this smaller

» G10 PCB substrate - 0.15 mm

~= ground [ HV plane - 0.10 mm

-air gap - 0.10 mm

air gap - 0.25 mm

config 2 — MAPS, no active cooling
digital readout - 12 um epi - 5.55 mm total

tungsten absorber (W alloy)
1.90 mm - 0.54 X, - radiator

readout PCB + ASIC (siPCBMix)
digital readout chip - 1.30 mm - dead material

G10 back glate (structural)

75 mm

repeats x40 = 222 mm total depth - ~23 X,

config 3 - MAPS + active water cooling
digital readout - 12 pm epi - 4.60 mm total

tungsten absorber (W alloy)

1.80 mm - 0.51 X, - radiator

“— aluminium - 0.002 mm

I\ copper - 0.005 mm

readout PCB + ASIC (siPCBMix)
digital readout chip - 1.30 mm - dead material

Si epi — SENSITIVE - 0.012 mm - ~1284 e |MIP
Si substrate — dead (p++) - 0.038 mm

titanium tube wall - 0.10 mm

Water cooling channel
active cooling - 1.231 mm

titanium tube wall - 0.10 mm

repeats x40 - 184 mm total depth - ~22 X,

W/Ti [ Sisensitive

Si dead

G10 /Cu siPCBMix CO, cooling Al (config 3)

"— G10 PCB substrate - 0.15 mm

\ ground / HV plane - 0.10 mm

Si epi — SENSITIVE - 0.012 mm - ~1284 ¢ /MIP
Si substrate — dead (p++) - 0.038 mm
air gap + 0.10 mm

air gap - 0.25 mm



Oe/E (%)

101 e

Adding Active Cooling

Prajita Bhattarali

Gaussian 0_E/E — shown only where fit is reliable

® Baseline CLD (5.1mm)
a=14.6+0.3 %vGeV, ¢c=0.88+0.09 %

MAPS 100um (no cooling)
£ a=11.2+0.3 %vGeV, ¢=1.05+0.04 %

MAPS 100um + cooling
a=11.1+0.3 %vGeV, ¢=1.11+0.05 %

Typical FCCee
photon energies
< 50-60 GeV

1 ' s 10 20 50 100 200
E, (GeV)

Adding 1.2 mm water cooling
reduces ECAL depth by ~1 X,
without noticeable changes in
resolution throughout all
energy ranges, suggesting
feasibility of active cooling
without physics compromise

D
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MAPS ECal

for Particle Flow Calorimetry

Conclusion

MAPS offer excellent detector performance for tracking and calorimetry.

Excellent performance is simulated for MAPS digital ECal:

+ EM shower energy measurement;

+ Particle flow contribution based on transverse energy containment.
EM shower structure allows simple algorithmic optimization of energy measurement.
Neural nets have been studied to improve energy measurement:

+ Should improve jet reconstruction.

An effort led by SLAC is progressing on the needed MAPS development.
CLD-based active cooling study for circular collider looks good.

i . . Acknowled ts:
The digital ECal will add valuable future collider performance for bl e
particle flow reconstruction. excellent cooperation
and support for NAPA-
Critical performance demonstration: e
+ Coordinated jet reconstruction resolution & efficiency. + EPICAL-2 Team
- CPAD RDC9

Habib, A., et al., JINST 19 (2024) 04, C04033.
Brau, James E., et al., EPJ Web of Conferences 315, 03005 (2024).
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Backup Slides
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Future study - use of timing

J. Brau - 20 October 2026 20



Z-cord

‘ Pixel sizes

30

20

-20

-30

Hits in sensor (25x100 um*2)

Hits in sensor (100x100 um?”2)

same event with each variation) - §; D
N

Hits in sensor (200x200 um*2)

Ritsyz0Scat < hitsyz0Scat2 - 88 y20000k>
— Layer=10 Entries 43 g %0 Layer=10 - Saroe - g '° Layer=10 = I\Enr;mes 1 332
- " ’ Meanx  10.79 ~N ' Event= Meanx  2.698 N - Event =. an x =
- Event=Q ' : Meany  2.558 N =C = = |Meany  2.558 B m mh [Meany 1279
— , |StdDevx 54.67 20— = |StdDevx 13.67 10— m |StdDevx 6.834
= StdDevy 10.95 B StdDevy 10.95 - StdDevy 5.476
- 10 m
: . ' . ) L] ! : - - - W - - .: - - - f
- B d
= T [ - El of—
_— ) ll ’l ! 1 L) 1 0 - -1 5.- = ) - - .
E ' ' 1 - - - -w B | - ] =
- ' —10:— = -5
- ' o - = m
~ 1 - - 10.: Em
- 20— -10[-
= n C =]
: 25x100 um2 - F 100 x 100 um2 - s, 200 x 200 um?2
= E - O O TN O I 0y e vl (ST Y V|
T PR IS S T N "’ L . L) o IRV Y TSty v ol B A ol i o il i il S i 15 -10 -5 0 5 10 15
400 750 0 50 100Y i -30 -20 -10 0 10 20 30 Y-cord
-cor Y-cord
Hits in sensor (400x400 um*2) Hits in sensor (1x1 mmA2)
8 hitsyz0Scat4 =5 vy hitsyz0Scat5
g " lLayer= Entries 48 o - Layer Entries 48
A B Meanx  0.6744 & E E Meanx  0.4378
6 Event = Meany  0.6395 ~ Event Meany  0.2561
u StdDevx 3.417 2 StdDevx 1.163
4; Std Devy 2.738 - StdDevy 1.112
[ 1
2 C
; 3 -*: . |
0- . o
™ o i
B -1
-4 -
N o
,6.— =
400 x 400 um2 N F1 X1 mm?2
gl | YN W U W Y N WY W TN AT SN W WO NN T WY SN NN SN SR U N SO WYY | IR | I ST T SR N T S S PR T R S N S T W
-8 6 -4 -2 0 2 4 6 8 -3 -2 -1 0 1 2 3
Y-cord Y-cord

MAPS ECal for Particle Flow Calorimetry

J. Brau - 20 October 2026

21



MAPS ECal efforts i

- FoCAL - ALICE 1HG cell
= 20 layers of 3.5 mm tungsten

+ two MAPS layers with 30 x 30 um? pixels “‘“‘M
+ 1002 x 1008 mm? coverage \ ‘ Aﬁn

Longitudinal segmentation

+ EPICAL-2 SI-W prototype with beam test
+ 24 layers of MAPS - 20 radiation lengths
+ 3 mm tungsten absorber; 29.24 x 26.88 um? pixels
+ =~ 25 million pixels / active area = 27 x 30 mm?

+ Astropix for ePIC
+ 4 imaging layers with 500 x 550 um? pixels

» Higgs factory - expand application

+ optimizing sensot, layout and performance
MAPS ECal for Particle Flow Calorimetry J. Brau - 20 October 2026 22
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