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» Preliminary beam-test results showed poor energy resolution.
» Correlated & uncorrelated noise measured in pedestal runs could not account for the observed performance.

» Subsequent bench tests achieved percent-level single-channel resolution.
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» This prompted a reanalysis of the beam-test data. Canier Crysial
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Preliminary data analysis
of beam test data
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25 PWO crystals

EEEMCal 5x5 PWO

16 SiPMs per crystal
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ADC + ToT + ToA

400 independent detector channels - 8 H2ZGCROC3 ASICs * 4 FPGA streams
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Crystal numbering and cluster KCU-ASIC-SiPM matrix map

Cell contents

4 9 14 19 24
4 9 14 19 24
B beam center 209:1:A [210:0:A |209:0:p |210:1:B |210:1:D Crystal number

[] 3 x 3 cluster 3 8 13 18 23

[ ] outer ring

KCU:Asic:5iPM matrix

211:1:4 [211:1:D [209:1:B |208:1:C |209:0:A

209:0:C |210:1:4 [210:0:D |211:0:B |20B:0:A

211:0:A |208:1:D [210:0:C |208:0:C |20B:1:B
0 5 10 15 20

210:1:C [209:0:B [209:1:D [210:0:B [209:1:C Analogue pulse shapes

TOTThreshold = = = = = = = e = e o o o o o o s o o o o =

[TOT]

<+— Large charge deposit
Small charge deposit

TOAThreshold = = = = = o Ao = = o = = = = =N = = = = =

Time of arrivi_/' .
[TOA] Pulse amplitude

[ADC]

08/24/2026 DESY H2GCROC beam test



t U frimsigo Université
universite @ DESSCIENCES :
PARIS-SACLAY | D'ORSAY de Paris

% CuLs Setup at T24 in DESY test |

Iréne Joliot-Curie

Laboratoire de Physique
des 2 Infinis

Test dates: Dec 8-21 (2025)

I 7
Trigger scintillators
o= » 1-5GeV electron beam through a
10x10 mm?2 collimator downstream

(9x9 mm?2 upstream)

“\\ Crystal prototype @

NN O

» Triggered by 2 scintillators

» Rate limited to ~100 Hz by introducing
a 10 ms veto period after each trigger
with NIM logic

> Prototype on a X-Y table with 0.1 mm
position accuracy

08/24/2026 DESY H2GCROC beam test
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Channel ADC gain-match

> First step of the analysis

Mormalized events

» 25 1-GeV runs shooting at the
center of each crystal

> All channels are in the ADC

region

Mormalized events

» We compute a relative gain
coefficient to align their signal
at the same (arbitrary) value

08/24/2026

Mormalized events
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Crystal 12, run 397, SIPM 2, channel 328
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2-step correction:

Each 16 SiPM of the crystal is
aligned to the average signal
of its channels

Then each crystal get an
additional globa coefficient to
align all crystals at the same
value

08/24/2026

Integrated ADC

Calibraton coefficients:
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Crystal 12, run 397: calibration factors
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364
good fits

Common target: 1970.50
integrated-ADC units
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Final ADC calibration coefficient

Crystal index

Channels

T R A A T T

SiPM index
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Coefficient

ﬂ 9 I 14 || 19 || 24
‘ 13 || 18 || 23
7 12 || 17 || 22
11 || 16 [ 21
—
Final coefficient distribution
I: 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 '_'_l 1 1 1 H 1
} 1.8
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9 3
24 £
2
g 2
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22
0
21
x crystal coordinate
20 KCU-ASIC-SiPM matrix map
4 9 14 19 24
209:1:A |210:0:A |[209:0:D |210:1:B |(210:1:D
. 3 8 13 18 23
Region Crystals o/u
211:1:A |211:1:D |209:1:B (208:1:C |209:0:A
2 T 12 17 22
Central {12} 7.1%
. 209:0:C |210:1:A [210:0:D [211:0:B |(208:0:A
Same-FPGA triplet 112, 7,113 6.0% 1 6 11 16 21
Full 3 x3 {67 7’ 8, 11’ 127 13’ 16’ 177 18} 80% 211:0:A |208:1:D |210:0:C [208:0:C |208:1:B
0 5 10 15 20
AH CrySta’ls O st 24 ]‘04% 210:1:C |209:0:B [209:1:D [210:0:B |[209:1:C

08/24/2026 DESY H2GCROC beam test
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Trigger # misalignment Faulty recovery Mixed output row

Current: 147 147 147 147 Advance FPGAO, 1 and 2

Next: 148 148 148 149 —> because theci%cg—ahead rows —> 148 148 148 147
Implemented checks didn’t Correct behavior
catch the problem
Write trigger 147
» The checks suffered from the same wrong logic Drop incomplete trigger 148
Resume with trigger 149

* Counters remain ordered within each stream

» The next fragments appear synchronized again

08/24/2026 DESY H2GCROC beam test
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Crystal 12 7.3% 7.3% 0.0%
Same-FPGA triplet  6.3% 6.3% 0.0%
Full 3 x 3 7.9% 4.0% —49.4%
All 25 crystals 10.8% 7.2% —33.2%

Recommended aligned 3x3 signal Reconstructed beam energy
@ . @ C
5 i 5 - 1= 1.0000 GeV
“ 3000 3000 oy = 4.026 %
B core fit: 0.908 < E < 1.094 GeV
25000 2500 x2Indf = 9.80
2000 2000
1500~ 1500~
1000} 1000
500 500F
0 " 111 B I 1111 I 11131 I 0 » 1 1 1 1 I 1 1 1 I 1
0 5000 10000 15000 2000025000 30000 35000 40000 45000 0 0.2 0.4 06 0.8 1
Calibrated 3x3 signal [a.u.] Energy [GeV]

Broad fit (u*2.00) : 4.026 £ 0.02% | Final px1.50 core: 4.01 £ 0.03%

08/24/2026 DESY H2GCROC beam test
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Lab Ph Crystal 8, run 391, SiPM 5, channel 552 Crystal 13, run 389, SiPM 5, channel 238 Crystal 18, run 388, SiPM 5, channel 137 4 o4
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P S & BO0ETTrrre e
CaptureS the Iarge 9 700E-N8626; meanpea 9 FiN48240; mean peak sb @ 700 N#8971; mean peak s
iEOG: full 64:9% @ 700 windowitull90:4% 2 F full 61:9%
centered pulse M L .
£ s00F 27 g F
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O ao0F Q E Q E
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3905 a00F 300F
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Sample number Sample number Sample number
Reduces integrated pedestal Crystal 6, run 403, SIPM 5, channel 120 Crystal 11, run 402, SIPM 5, channel 353 Crystal 16, run 401, SiPM 5, channel 65
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08/24/2026 DESY H2GCROC beam test
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ToT region
At 2 GeV and above:

_ Eight ADC neighbors
Crystal 12, 5iPM 5, channel 336

800 v — AN SRR S N A S [6,9] [6,9] [6,9]

| I - SRR N O O S S apc || cea |[ ADC

; ; ; - 6,9 2 6,9
SRS R TR A S — 691 (| . 1o || [69

E ADC ADC ADC
[6,9] [6,9] [6,9]

............................................................

0.3 ﬂ_éﬁ 04 045 08
Calibrated per-SiPM energy [GeV)

ToT distributions: 2, 3, 4 and 5 GeV runs Ereco =216 EToT + E8 ADC

08/24/2026

DESY H2GCROC beam test
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1500

ToT calibrgtion

Crystal 12, SiPM 5

2000 2500 3000

3500
ToT code

DESY H2GCROC beam test
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Calibration target

y = (Ebeam - E8 ADC) / 16

Eight equal-statistics calibration nodes
Monotonic PCHIP interpolation
Small smooth energy-scale correction

Independent calibration for each central SiPM

Université
de Paris
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Target energy / SiPM [GeV]
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0.058

1000

08/24/2026

1500

ToT calibrgtion

Crystal 12, SiPM 5

2000

2500

3000

250

200

150

3500
ToT code

DESY H2GCROC beam test
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Calibration target

y = (Ebeam - E8 ADC) / 16

Eight equal-statistics calibration nodes

Monotonic PCHIP interpolation
Small smooth energy-scale correction

Independent calibration for each central SiPM

Université
de Paris




.‘JCLab 16 ToT channels of the centra université

~ " P
Iréne Joliot-Curie Crystal 12, SiPM 0 Crystal 12, SiPM 1 Crystal 12, SiPM 2 Crystal 12, SIPM 3
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Target snergy ¢ SIPM [GeY]

Target energy ¢ SIPM [GeV]
Target energy / SIPM [GaY]
Target energy / SIPM [GeY]

Target energy / SIPM [GeV]

Target energy / SPM [GeV]
Target energy / SIPM [GeV]
Target energy / SPM [GeV]

o
o

Target energy  SIPM [GeV]

Targel energy / SIPM [GeV]
Target energy / SIPM [GaV]
Target energy  SIPM [GeV]

08/24/2026 DESY H2GCROC beam test
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Normalized events / bin

Final Gaussian-core fits over yx1.50

— o/E = 4.01 £ 0.03% o/E = 2.36 + 0.06% o/E = 1.76 = 0.06% _ | = 1.0GeV ADC (Run 411}
012 o/E = 2.86 + 0.07% o/E = 2.05 +0.09% ]
L | ——— 2.0GeV (Run321)
0.1 - : T _ ] ——— 3.0GeV(Run326)
0.08 - q ]  ——— 4.0GeV(Run331)
— i —| ——— 5.0GeV (Run336)
0.06 — 5 _
0.04 |— |
0.02 — | ; —
0 - 1 ] |lL 1 Irondrn . ‘7
0 1 6

Calibrated reconstructed energy [GeV]

1 GeV 2 GeV 3 GeV 4 GeV 5 GeV

4.01% 2.86% 2.36% 2.05% 1.76%

08/24/2026 DESY H2GCROC beam test
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Upstream collimator set to 2 mm horizontally (+ 4.5 mm in previous >1 GeV runs)
£ — — 1.4 GeV (Run 997,
f | o/E = 3.03 +0.02% o/E = 2.33 £ 0.01% o/E =1.81 £0.01% G/E=1.71 +0.01% _ |~ 20GeV (Run558)
® 01— : o/E = 2.79 + 0.02% o/E = 2.09 + 0.02% o/E = 1.72 £ 0.02% o/E=1.73£0.03% ] ~— 24 GeV(Run 998,
= — | ——— 30Gev (Run559)
‘3 0.08 - : ] = 4.0GeV(Run560)
o R n ﬂ —  ——— 44GeV (Run 561)
@ - . : _]
N - ; 5 | ——— 50GeV(Run412,
‘_gu 0.06 :— —: ———— 5.4GeV (Run 562)
< 004 — i | —]
0oz J ' -
L J\ g
0 1 2 5 6
Calibrated reconstructed energy [GeV]
2 GeV 2.79% 3 GeV 2.09% 4 GeV 1.81% 4.4 GeV 1.72% 5.4 GeV 1.73%

Frozen ADC, ToT and cluster corrections applied without retuning

Narrower widths are consistent with reduced beam spread; means shifts up to +2.69%.

08/24/2026 DESY H2GCROC beam test
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Requirement band:

— 6 -2\o0 _9\0
.0\_0. B I Large collimator (2 3) A)I\/E $ (1 2) A)
LLI B T .
-6 5 1 Small collimator
_5 B (2-3%)/VE @ (1-2%) » Resolution within requirements, except
% 4 :— —: for the lowest energy point (1 GeV)
§ B ]
> 3l _ ]
g - — » Smaller-collimator improves the
uCJ - N resolution slightly
2— _
1:_ _: » High-energy behavior approaches a
] - ~1.7% constant value
B | | ‘ | | | | | | | | | | | | | | ]
00 1 2 3 4 5 6
Beam energy E [GeV]

08/24/2026 DESY H2GCROC beam test
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— 6

o~ B I HGCROC (large collimator)

L—ue 5 N { I Discrete

_5 E (2-3%)/VE @ (1-2%)

= ~

3 - _

R i

5 o -

) - |

- - _

LU - _
2 — —
1— =
0 B | | | | | ‘ | | ‘ | | | | | | | | B

0 1 2 3 4 5 6

Beam energy E [GeV]

08/24/2026 DESY H2GCROC beam test
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Same overall
performance scale

« H2GCROC narrower at 1-2 GeV
e Similar near 3 GeV

* Discrete chain narrower at 4-5 GeV

Not a strict electronics comparison:
beam conditions, reconstruction and
data analyses differ
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Same fit-method comy

Energy resolution o/E [%]
w

Dataset
(Gaussian fits within £1.50)
HGCROC large collimator
HGCROC small collimator
Discrete (decimated 250 MHz)
PMT prototype (250 MHz - undecimated)

YR requirement:
“a 2-3% @ 1-2%
o) ele]
@]
2 Q i; .
o) & o]
a @
1 4
(Points at 1, 2, 3, 4 and 5 GeV are slightly offset for visual clarity)
0 : ; ; I
0 1 2 3 4 5
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Beam energy [GeV]
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Comparison of datasets with a
Gaussian fit within ¥1.50

* Discrete data acquired at 250 MHz
and decimated by a factor 5

* PMT prototype used 250 MHz
digitizers

Overall agreement within the
datasets using different
photosensors and/or electronics
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v" A bug in the realignment script combined mismatched event fragments from different FPGA data streams.
v" Correcting the alignment dramatically improved the energy resolution in the ADC regime.

v" The ToT regime additionally required careful calibration of its nonlinear response.

» The H2GCROC readout achieves performance comparable to the discrete electronics across
the full energy range measured in the EEEMCal DESY beam test.

» The modest resolution at low energy is likely dominated by the beam-energy spread and will
be verified in a future beam test at a low-energy facility.

08/24/2026 DESY H2GCROC beam test
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Analysis note
zenodo.org/records/21909894

Raw data
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H2GCROC readout

J. Bettane!, L. Bucuru Rodriguez!, V. Chaumat!, E. Cline??, J. Crafts?, M. Czeller®, C. de La Taille®,
C. Delafosse!, P. Dinaucourt®, C. Domingues Goncalves!, F. Dulucq®, P. Dumas Ziehlmann®, R.H. Fatemi”,
J. Frantz®, B. Geoffroy', D.K. Hasell?>, A. Hoghmrtsyan®, T. Horn®*°, M. Imre!, L.D. Isenhower'!, S. Jia'2,

C.-T. Kuan', O. Le Dortz'?, Y. Le Roux!'?, H. Marukyan?, B. Mathon', A. Migayron', R.G. Milner?,
H. Mkrtchyan®, C. Mufioz Camacho!, G. Nagy®, M. Nguyen'®, T. Nguyen Trung!, N. Novitzky'4,
S. Obraztsov'?, S. Olmo!, T. Protzman'®, R. Reed'®, A. Shatat!'?, V. Tadevosyan®, D. Thienpont®, and

G. Visserl6

@AL ePIC backward ECal beam test

epic-TN-TC-2026-007

ePIC Technical Note epic-TN-TC-2026-007

DESY beam-test dataset on Zenodo

doi.org/10.5281/zenodo.21859699

Analysis code

O
0

Reconstruction and analysis repository

github.com/carlosmunozcamacho/DESY_BeamTest_Dec2025

08/24/2026

Version used for this work (v.1.0.0) archived at: doi.org/10.5281/zen0do.21859338

DESY H2GCROC beam test
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https://zenodo.org/records/21909894
https://doi.org/10.5281/zenodo.21859699
https://github.com/carlosmunozcamacho/DESY_BeamTest_Dec2025
https://zenodo.org/records/21909894
https://doi.org/10.5281/zenodo.21859338
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Laboratolre defsacs RARIS beams momentum spread
rps BB L
TR ] up (MeV/e) o (MeV/0) ap/up (%)
_ _ _ 025 47.18(2) 5.48(1) 11.63(3)
» Upcoming beam test at RARIS (Tohoku, JP), Dec 7-11 (2026) to check low 050 | 98.19(4) 4.92(3) 5.01(3)
075 148.22(4) 4.77(2) 3.22(2)
energy performance 100 | 197.94(3) 1.91(2) 2.48(1)
125 247.79(3) 5.00(2) 2.02(0)
. . 150 297.30 5.29(2 1.78(0
* RARIS: 850 MeV e-/e+ beams with <1% momentum spread - 346 81223 Q.milz 1.5320;
200 90(2) 5.55(1) 1.40(0)
225 444 56(2) 5.73(1) 1.29(0)
_ _ 230 25(2) 5.74(1) 1.26(0)
» CALOROC chips + DAQ should be available by then 250 492 50(2) 5.83(1) 1.18(0)
275 539.29(2) 6.00(1) 1.11(0)
300 584.59(2) 6.17(1) 1.06(0)
. 325 628.06(2) 6.32(1) 1.01(0)
We should be able to test performance of CALOROC 1B 350 | 669.20(2) 6.45(1) 0.96(0)
and compare to H2GCROC (CALOROC 1A) 375 | 706.61(2) 6.58(1) 0.93(0)
400 739.16(2) 6.71(1) 0.91(0)
425 768.86(2) 6.87(1) 0.89(0)
450 796.60(2) 6.89(1) 0.87(0)
» Continue tests on the bench (with LEDs) to characterize CALOROC (1A & 1B) 475 | 823.26(2) 7.01(1) 0.85(0)
500 849.10(2) 7.08(1) 0.83(0)

Investigating also possibilities of low-energy beam test at Mainz (in 2027)

08/24/2026 DESY H2GCROC beam test
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Back up

08/24/2026 DESY H2GCROC beam test
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A Infiots > Full dynamic range of HGCROC tested at DESY

» DESY setup adjusted for a 6-7 GeV dynamic range

Per-channel calibration and endpoint extrapolation

LU S B B R S SR S e S B B B S S S RN B B B B B S S B S R B R S S S |

» The additional factor of 3 needed for EIC can be adjusted
by modifying the CC factor from 12 (DESY config) to 4
(and still room available for attenuation if needed).

0.35 | AT
0.30 |

0.25
0.20 » Resolution may worsen if dynamic range is extended
Several scenarios:

- Optimistic: noise is attenuated with the signal —
- H resolution unchanged
1000 1500 2000 2500 3000 3500 4000 - Pessimistic: noise stays the same while signal is
ToT value attenuated
- Reality: S/IN depends on the CC setting

0.15 F

Calibrated energy per SiPM [GeV]
Beam-equivalent energy [GeV]

0.10 |

08/24/2026 DESY H2GCROC beam test



et Université
universite | DEes sciENCES :
PARIS-SACLAY | D'ORSAY de Paris

. D = u - _
‘ CLab Electr0|c noise: CC

Iréne Joliot-Curie

Laboratoire de Physique
des 2 Infinis

CC gain scan:

» Bench scan shows that the noise itself does

CC gain: . .
— : decrease when the current-conveyor attenuation is
) increased:
S
& 200 _
= Noise from CC=12 to CC=4: 2.35 —»1.33 ADC
c_é: 100 -
» The signal is reduced by a factor of ~3. So the
0; noise reduction does not completely compensate
for the signal loss:
3.
S 2 e et i SNR(CC=4) / SNR(CC=12) = 0.6
1 e TR RO
0} 25 50 75 100 125

Time [ns]
CdLT FCC-France 24 nov 23

DESY H2GCROC beam test

08/24/2026
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o/E = \[ A2 + B%E + (N/E)?] >

> A=0.74% and B = 3.7% fitted to DESY test-beam data
> N =147 MeV fixed using pedestal run

> Projection curves keep A and B fixed, then replace N

Energy resolution o/E [%]
w

—— H2GCROC + common-noise correction
—~ == CC=4 SNR
——— CC=4 SNR + common-noise correction
=== Constant noise
— (Constant noise + common-noise correction
® H2GCROC
A Discrete

-n-.,___-
—_—l
——
——

i
with the scenario-dependent noise term A
1_
» Common-noise-corrected curves use N=11.3 MeV
instead of 14.7 MeV before applying the SNR 0 | | | |
0 1 2 3 4 5 6

Beam energy E [GeV]

Common-noise-corrected 1 GeV projection: 4.0 — 4.2%

08/24/2026 DESY H2GCROC beam test
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No correction Strict block Wiener
« For each cluster crystal, average the 16 channels at No correction g ss0F Strict block Wier
Samples 0, 1 , and 2. " 3000 olu = 4.0256 + ﬂzosu . 3000 ol = 3.9537 iﬁnsa%

2500f

2000

» Build three pulse-free features per crystal: level, slope,
and curvature.

1500

1000

500 ’
e el MO B . . rranwrnnd AR
0 ol

0 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
Energy [GeV] Energy [GeV]

* Nine crystals x three features gives 27 predictors for the
3x3 cluster.

» Fit a ridge/Wiener estimator on pedestal data to predict
the correlated electronics fluctuation.
Measured pedestal effect
» Subtract the predicted fluctuation once from the full Full cluster noise: 14.7 MeV — 11.3 MeV

calibrated cluster signal, not channel-by-channel.
RMS reduction: 23.3%

08/24/2026 DESY H2GCROC beam test
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Measured 1-5 GeV region

Projection to the enlarged dynamic range

: = H2GCROC + common-noise correction

. ——- CC=4SNR

. ——— CC=4 SNR + common-noise correction
=== Constant noise

. —— Constant noise + common-noise correction
@ H2GCROC

: A Discrete

D Current dynamic range

\ —— H2GCROC + common-noise correction
\ —== CC=4 SNR

\ ——— CC=4 SNR + common-noise correction 5
=== Constant noise

—— Constant noise + common-noise correction
® H2GCROC

A Discrete

Energy resolution o/E [%]
w

Energy resolution o/E [%]
w

21 21
A i
1- 1
0 . . . : . 0 . : ; . . . : :
0 1 2 3 4 5 6 0 2 4 6 8 10 12 14 16 18.3
Beam energy E [GeV] Beam energy E [GeV]

Common-noise-corrected 1 GeV projection: 4.0 — 4.2%.

08/24/2026 DESY H2GCROC beam test
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Measured 1-5 GeV region

Energy resolution o/E [%]
w

H2GCROC + common-noise correction
CC=3 SNR

CC=3 SNR + common-noise correction
Constant noise

Constant noise + common-noise correction
H2GCROC

Discrete

—
g

1 2 3 4 5
Beam energy E [GeV]

Common-noise-corrected 1 GeV projection: 4.0 — 4.4%.

08/24/2026

Energy resolution o/E [%]
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Projection to the enlarged dynamic range

H2GCROC + common-noise correction
CC=3 SNR

CC=3 SNR + common-noise correction
Constant noise

Constant noise + common-noise correction
H2GCROC

Discrete

Current dynamic range

DESY H2GCROC beam test

4 8

12 16 20

Beam energy E [GeV]
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: pulse shape

Normalized

Normalized ampglitude Normalized amglitude Normalized amplitude

Normalized amglitude
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300 1
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DESY H2GCROC beam test

Normalized amplitude Normalized amplitude Normalized amplitude

Normalized amplitude

C12 SiPM 2 (HW 328)

—0.05 -

100 150 200
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G12 SiPM 6 (HW 330)

00 5 £ 50 £
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| N T
250
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C12 SiPM 14 (HW 329)

16 phases sample the 25 ns clock period

250
Fine sample index (1.5625 ns/bin)

in 1.6 ns steps
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C12 SiPM 3 (HW 324)

Normalized amplitude

100 150 200 250
Fine sample index (1.5625 ns/bin)
G12 SIPM 7 (HW 326)

Normalized amplitude
o
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£ =0
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Normalized amplitude
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Independent strict selections

High-energy scans f

Same-event comparison (labels:

2.2

2.0

Gaussian-core resolution o/u [%]

19 { {

1.8

retained events)

® ® 4GeV
o ® 5GeV

98%
L]

80%

80%

Matched A(Rss/median) [percentage points]

08/24/2026

DESY H2GCROC beam test
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Why keep the
baseline?

» Wider [5,14] or [3,16] neighbor
windows worsen 2-3 GeV

* A safe 13-crystal sum gives no
energy-independent gain

 Outer additions change the
selected event population

Retain fixed 3x3 with [6,9]
ADC neighbors.
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