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1) EU prototype (HIDRa)

2) U.S. prototype (DREAM++)
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Outline

Disentangle relativistic (i.e. electromagnetic) and non relativistic (i.e. nuclear)
components of hadronic shower

, ABSORBER R
E.M. .. . -
" component > both scintillation & Cherenkov light
"p n ﬂ:" :: (fem)
oommonens > almost only scintillation light

" (- fem)

- get (compensate for) fem event by event

15.10.2024



dual-readout algebra

S=E X[ fom+ 8 % (1 — fem) ]
C=E X[ fom+C%(L=Tfem)]

fem = electromagnetic shower fraction
s = (h/e)s, ¢ = (h/e)c : detector-specific constants

by solving the system, both E and fem can be reconstructed

E measured at em energy scale

15.10.2024



more on dual-readout formulae ...

1—fem =

4// measurable
If X known

measurable event by event, If X known

(1-fem) can be reconstructed within (unknown) constant factor (>) O(1)

\

> i () > (1) = ox <1

X measurable if E known —— X can be extracted

from testbeam data

15.10.2024



DREAM/RD52 dual-readout “spaghetti” prototypes

oo Cu: 19 towers, 2 PMT each
2 m long, 16.2 cm radius
Sampling fraction: 2%
Depth: ~10 A
N
531522 Cu, 2 modules y
Each module: 9.2 X 9.2 x 250 cm?
Fibers: 1024 S + 1024 C, 8 PMT
Sampling fraction: ~4.6%
Y Depth: ~10 A INEN Pisa Y
2012

RD52 Pb, 9 modules
Each module: 9.2 x 9.2 x 250 cm?
Fibers: 1024 S + 1024 C, 8 PMT
Sampling fraction: ~5.3%

g Depth: ~10 A, ,

15.10.2024 6



Geant4 simulations (fibre calorimeter)

4+ Gaussian resolution

+ Adequate separationof W/ Z/H

Single jet resolution @ 45 GeV W/Z/H - ] Invariant mass

= @ 012
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Next steps

Exploit high granularity and timing (and PFA)

15.10.2024



HIDRa — Highly granular Dual Readout demonstrator

Hadronic-size prototype:

16 modules w/ highly granular core 1 Module: 5 MMs
~ 13 x 13 cm?

5120 fibres

1 MiniModule:
= 64 x 16 = 1024 fibres in total
512S +512 C

highly granular core:
10240 fibres to be read out with SIPMs

~ 65 x 65 x 250 cm?

15.10.2024



Construction technique and mechanical precision

Semi-automatic system for planarity measurement: 90 measurements per minimodule

O(10 pm) precision on minimodule height (calor2024)
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Production started in November 2023: 70/80 minimodules assembled
First test beam with 36 modules in August-September 2024 (PMT readout only)

Z (mm)
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https://indico.cern.ch/event/1339557/contributions/5908919/attachments/2861111/5005718/DR-capillary-tubes-calor-upload.pdf

Integration of highly granular modules
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2024 beam test

Low-granular prototype qualification on beam:

e 36 minimodules, 3 columns x 12 rows: ~ 39 x 39 x 250 cm?

* Nominal angle of 2.5° between beam line and both X and Y axes
* PMT-readout only (36+36 PMTSs)
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2025 prototype — mechanical integration

15.10.2024




2025 beam test (October 2 - 8)

70 modules, 128 x 28 x 2500 mm?

* 8 iInstrumented with SIPMs:
one SIPM / fibre + analog
grouping of 8 fibres per
readout channel

* 62 with PMTs: each PMT
reading bundle of 512 fibers
of one kind

124 PMT + 1024 SiIPM channels
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Detectors

e 3 (Helium) Cherenkov counters - electron ID
* DWC # 1 - tracking

* VETO scintillator* - for beam halo cleaning

* Two (~4%x4 cm?) trigger scintillators

* DWC # 2 - tracking

* Calorimeter . DUT

* Tall catcher - energy containment

* Muon counter (after iron absorber) — muon ID

+ 6 leakage counters on top and bottom of the calorimeter —. energy containment

*VETO acquired but NOT used for triggering

15.10.2024
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Setup — all trigger and readout elx in beam area

16
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Vertical alignment w/ data

Vertical alignment with 20 GeV positron beam

—— Fit: y=-0.92x+546.63
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Data taking

Very good beam availability (> 1000 runs, most of them with several k events)

DAQ rate @ 20 GeV e*: 2 kEvt / spill -~ 5-6 kEvt / spill (last two days)

Calibration runs:
* SIPM pedestals
* Alignment with positron beam barycentre
* PMT equalisation (twice: lower - higher gain)
* SIPM position scan (for equalisation) w/ both e+ and p beams

* Upper leakage-counters calibration

18



Data taking

Physics performance studies:
e " energy scan up to 160 GeV * (including 100 GeV beam with low-energy-spread tune)
e " energy scan at 0° (horizontally)
* TT energy scan *
* Tower uniformity w/ e*
T shower profile, hit top modules to sample core and tail with SIPMs
* Short g energy scan
e 4 angular scan

U@ 7° and e* @ 60° **

*w/ both low and high PMT gain

** angle limited by calo box dimensions

15.10.2024
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Low-latency custom trigger board

Low-latency trigger board (designed in Pavia)

o 3 analogue comparators with NECL logic output

NECL devices (gates, buffers, D flip-flops)
3 analogue Inputs: 2 x trigger, 1 x veto

3 digital inputs: 2 x veto, 1 x pedestal clk
2 fast-gate outputs

2 trigger-latch outputs (physics / pedestal)

Total latency ~ 13 ns
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Dataflow and control

[Xplus:/eos

Beam area A
pcdagpavia N

Modular but
very stable DAQ system!
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Control room
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Performance: Cherenkov counters

Use PMT total signal to tag electrons (cut @ 10000 cts) — one counter (Cher 1) almost blind

Run 280 - Cherenkov 1 (Channel 162) for electrons
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DWCs

and beam spot

DWC2 x [TDC]
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U counter

Above 100 GeV, very high py contamination

Run 280 - Muon (Channel 161) for electrons Muon Fraction vs Beam Energy (cut at 500 ADC)
]  — F'hysi::s 1.0 { —@— Electron
o
10 - 1 Pedestals : w;‘:;n Y
0.8 -
_ =
103 S
Fi
0 B 0.6 -
& _ <
3 2 S
o 107 - | 2
] m
: (& 0.4 1
10° 4 =
: 0.2 -
AN, LN I e
107 i 1 O —e—
T T T T T 0.0 __== ’— *_ r . r T T
0 1000 2000 3000 4000 20 40 60 80 100 120 140 160
ADC counts Beam Energy [GeV]

15.10.2024



(2|e2s boj) sjuno)

107
10°
101!

©
1

25

PMT response uniformity

+ Cherenkov + x/y cut)

)
o

ADC_C dis

tribution for each module (Phys

2500

2000

1500

D Jav

1000

500

- (958Y) ¥18
- (£58H) £18
- (B58Y) 218
- (658Y) 118
- (0984) 0TS
- (198Y) 605
- (Z98Y) 805
- (E984) L0S
- (P98Y) 905
- (598Y) S0%
- (B9LY) LT
- (G944) 9Tt
- (E9.H) STY
- (094Y) PIF
- (BSLH) ETY
- (95.Y) ZTv
= (EGLH) TTP
- (EZLY) OTF
- (DELY) 6OV
- (0SLY) 80p
= (FELY) LOT
- (9ELY) 90%
- (BELY) SO¥
- (ZvLY) PO
- (9vid) E0%
- (6FLY) Z0b
- (L84H) B8TE
- (b8LY) LTE
- (T8.4) 91€
- (pLid) STE
- (TLLH) FTE
- (Stad) SDE
- (prEY) POE
- (Ev8d) £0E
- (Zvay) ZoE
- (Tv84) T0E
- (684Y) LTZ
- (06L4) 91T
- (E6LY) STZ
- (B6LY) P12
- (zo8y) €12
- (go8Y) Z1Z
- (go8y) 112
- (Z184) 012
- (5184) 602
- (0zey) 80z
- (ZL84) L0T
- (£zad) 902
- (DEBY) SOZ
- (EE8Y) 0T
- (SE8Y) £0T
- (geay) ZoZ
- (5584) 1T
- (S8 ETT
- (ES8Y) ZTT
- (2584 T11
- (1584) 0TT
- (0584) 60T
- (6¥84) 80T
- (8Fad) L0T
= (Lvad) 90T
- (9vad) S0T

o

Module (Run)

15.10.2024



SIPM response

root://eosuser.cern.ch//eos/user/ifideadr/TB2025_H8/rawNtupleSiPM/SiPM_Run1062_list.root Event 21/34621
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e’ energy scan

ot

SIPM S - HG

Run number

10 GeV (run 890)
20 GeV (run 889)
40 GeV (run 886)
60 GeV (run 893)
B0 GeV (run 894)
100 GeV (run 896)
120 GeV (run 897)
160 GeV (run 898)

SERRRRE

SiPM C - HG
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0.00015 4

Run number
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— 160 GeV (run 898)
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Data analysis plan

Assess data quality of data (stability, beam purity, position alignment, ...)
Tune sample selections and check their stability
Equalisation:
a. PMTs with 20 GeV e* data
b. SIPMs: multiphoton spectra destroyed by noise — p data (?)
c. Runs with beam both on SiPMs and PMTs
Assess position dependence of PMT response as function of x/y — identify “mitigation” strategies
Assess electron signal resolution and linearity
Tt studies: dual readout, leakage, lateral profile, comparison with simulation, ... resolution
1 studies: unfold ionisation (MIP) and radiative contributes —~ assess properties of S and C signals

Study fibre light-attenuation length (not trivial w/ 60° angle) - identify “mitigation” strategies

Timing studies in SIPM data

28



Next year(s)

Complete HIDRa prototype w/ all 80 minimodules
Assess equalisation and calibration procedure w/ electrons
Assess position dependence of electron response
Assess hadronic performance w/ pions and protons (X factor)
Muons ?
em crystal calo in front — cross calibration, combined performance (PFA)
GEANT4 simulations:

Validate G4 simulations in particular concerning hadron shower modeling

Assess hadronic performance at all levels (single particles, jets, complex final states)

Fully exploit dual-readout potential for physics programme at FCC-ee



Hardware/detector open issues

*** NOT EXHAUSTIVE ***
o Fibre loading - by far - too time consuming — needs some automatisation
o Fibre attenuation length — to be understood and “recovered”
o Photocathode uniformity — exploit light mixers
o Timing information (ToA, ToT) — exploit new ASIC architectures
o Data reduction — exploit intelligence in front-end elx (?)
o Light sensors — exploit Digital SIPMs

o Trigger Board: fix cross-talk and noise issues, add digital control



American way

Thought: Dual Readout + HighGranularity + Timing

How about we combining the two approaches and going beyond:

(+ .
Start with Traditional
Dual Readout

Excellent individual hadron energy resolution

. J
g \ in the XY plane:
Increase granularity in * Fine shower shape structure in the XY plane;

the XY plane  resolve confusion matrix for particle-flow

\ y

in the Z axis:
d b
Longitudinal * Traditional fiber-based calorimeter did not utilize the
segmentation from timing information
Precise Timing e But thanks to developments on SiPM, electronics, and ML,

e > we can possibly recover the lost timing (longitudinal)

information

15.10.2024



DREAM ++ (HG-DREAM)

Let us Build the prototype and Study!

* High Granularity —— * §

e Fast readout with excellent time resolution:

o SiPM
 Advanced electronics for fast readout

< advanced algorithms for both fast online
processing and accurate offline reconstruction

15.10.2024



Exploit SIPMs w/ fast (+ slow) output

Channels and Readout Electronics

CaloX Sci Run 119
?_10|||||r||]r| II|IIII[II

® 896 channels in FERS in total, split evenly between C and S
channels, for the energy measurement

“ Central region: 3mm SiPM, each channel corresponds to
a tower of 1.2cm x 0.4cm. “High Granularity”

“ Outer region: 6mm SiPM, each channel corresponds to a
tower of 1.2cm x 1.6cm

® 224 channels in DRS in total, largely on Cherenkov, to
study pulse shapes for timing and longitudinal information

< 5GS sampling frequency; readout every 200ps

IJllIllI]Ll Jllllllllj

-10 -5 0 S 10 12
IX
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Energy (FERS) and time (DRS)

Channel Outputs

aloX Cosmic runs
Caox ~~  CosmicRun1040 o 301K | N R
4] e ' ' = = = Even}: h21763, iX: 1,iY: 2 |
S & $ Elatﬂ z :E_ Cer Repk: 188 — Cer
- — ] I .
& Sci k:212 e
= oL Pedestal CB N < daltzﬁ; ak: 24 1s vl
E 4 ‘En[}rg\;‘ """" P8, pask 3 20 dela|T{ 4.80 ns " I
E 4 2 Pulse
Pedestal = 143.46 + 0.18
' Gain = 127.80 + 0.34
| . i
102 4 o, _ 10 | =
10 I il
b R RTIBTAN T Iy |
t F] % '|| I.|| 1 | | | |
C | L'II | | | I_":_I."..l LIk i _ A RO P |
0 200 400 600 800 1000 bl L)L L '
ADC 0 200 400 600 800 1000
TS

e Right: DRS readout of pulses. (One time slice is 200ps)

= Cherenkov signals (red) smaller than Scintillation signals

= Cherenkov signals faster than Scintillation signa{lg

Outputs from Cosmic runs. Left: FERS readout (energy). Can observe pedestal + individual photon peaks

15.10.2024
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Energy deposition

&
Example Cosmic Event
CaloX Cer Cosmic Run 941 CaloX Sci Cosmic Run 941
t 1 U Y O S N O | T | IF T T 171 | 1 l}__ 1 U I 1 | | | | | 1 | I 1 L
Event: 2;:18? Event: 2;38?

5 5
0 0

_5 _5 o

T S 5 10 0" 5 0 5 10

15.10.2024
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Beam test in H8

Cherenkov Signal vs Time (Positron)

CaloX Preliminary Run 1350: e*, 80 GeV

DC

< 6000

4000

2000

-Cer Quartz
—~Cer Plastic

-75

TTII'ITTTT[II'IT]'Illl'[TTIIITTTT

VI A T O A W N

-70 65 -60 -55 -50
Time slice
/-axis

Study the pulses as a function of time, in two different
types of Cherenkov fibers (different refraction indices:
1.48 vs 1.62);

Rightmost corresponds to the beginning of the shower,
where the deltaT between the two fibers are maximal

DeltaT reduces as shower moves deeper and deeper

Successfully observed longitudinal shower shapes from
the timing information

15.10.2024
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Beam test in H8

Longitudinal Position Scans

CaloX Preliminary

/-axis
Beam

llllll) k4
—
T S

* Rotate the detector by 90 degree; move the
detector along the z-axis to check the shower
shape change as a function of z

e Observed the expected shower shape change
along the z-axis, using timing information

-
<

0.15
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0.05

| | | | I | | | | I | | | 1 I | 1 |
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Time slice (Plastic)
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Summary

* We validated the performance of energy measurement with HG-DREAM test beam data.
* The timing measurement shows the longitudinal information of showers

* Data analysis is still on-going (1 week old). Results shown are preliminary. The full results will be public by Decembe:

2 o ! I .

1T . i) I / - pa !

> eaVaravavay, *
S ST Py
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Backup

15.10.2024
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ASPIDES: digital SIPM platform for High-Energy Physics

ASPIDES: two-year CSN 5 project, coordinated by L. Ratti (INFN-PV)

Goal: development of monolithic SiPMs in CMOS technology
detectors with embedded functionalities (dSiPM)

Photon counting with wide dynamic range ( 30 pitch)
Fully digital output

ToA and ToT with resolution better than 100 ps
Threshold adjustment capabilities for noise rejection

Possibility to enable/disable individual microcells and global signal to
enable/disable array

ASPIDES

Study of radiation damage and operation at cryogenic temperatures

Modelling of new SPAD devices with improved performance in
radiation environment and at cryogenic temperatures

Submission planned for Q4 2025 (LFoundry 110 nm, 6 metal layers)

15.10.2024
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Sensor requirements for DR calorimetry

Unit Area (mm?)
Micro-cell pitch ()
Macro-pixel ()
PDE (%)

DCR (kHz)

AP (%)

Xtalk (%)

Trigger

Data: light intensity
Data: time

Final - Package

Connection

T %1

15 0r 30

500 x 500 (or less)
(20 - 50)
Not crucial
As low as possible (= 1)
As low as possible (few %)
External
Number of fired cells in 1 or 2 time windows (tenths ns long)
Time of Arrival in time window (< 100 ps) possibly TOT
Strip with 8 units

BGA

15.10.2024
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Design ongoing

16 X 16 array, made of elementary clusters of 2Xx2 cells

]

.
(_ _
S

B

L. Ratti @ DRD4 WP1 meeting

Basic building macro for the matrix

Front-end

SPAD active region

Routing region

Counter and NAND tree

15.10.2024
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Demonstrator for DR calorimetry

1 Module = 8 dSiPMs 1x]1 mm?, interspaced by 2 mm

photon

photon
counting

counting

thresholding thresholding

A K 2,
E37363 _ E3E363 \
1 mm .

K " TDC close to the signal source:
" possibility to set a threshold
on triggering signal

Electronics placed in the inter-SiPM
region, taking advantage of the HiDRa
geometry

RTIRTR *-..

S

1

P f+log, Threshold: virtually any value
S0 < | can be set
CACaCACHECACIEI0 .
[

threshold
setting

time photon sign
count

L. Ratti @ DRD4 WP1 meeting

R. Santoro

15.10.2024
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