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Motivation

Future electron positron colliders require exceptional
jet energy resolution (3-4%);

Reason: hadronic final states are common in processes of interest;
* e.g. HZ — ggvv, dijet final state;

* BMR required to be <4% for CEPC;

Problem: Cannot be achieved with traditional calorimetery;

e Solution: Particle Flow

Particle Flow

* Tracker:
measures momentum of charged particles;

* Highly Granular Calorimeters:
measures energy deposits by particles;

* Sophisticated Clustering Algorithms:
associate energy deposits to tracks;
only neutral energy measured in calorimeters.




A Highly Granular Crystal Calorimeter

Highly granular crystal ECAL developed for CEPC:

‘ Silicon Photomultiplier’

 scintillating crystal active material (BGO/BSO) s :

* ‘cross-hatched’ crystal bar design; 4
Crystal AL AY
* 4D readout: spatial position and energy; gentillator } N
—_— m
/ T15 cm 40 cm
Best of both worlds: 7 ‘//zﬂ‘
* high granularity: 40 cm e/ f Ui i
— final module, 15 x 15 mm?Z; 'NJJ
4 —
* homogeneous crystal design: % 40 cm

— ensures excellent energy resolution;




A Highly Granular Crystal Calorimeter

* Scalable, modular design for ECAL
for AGORA/CEPC Reference Detector;

Suspension fixing point,
8 points evenly distributed

* Design features:
Depth: 18 layers (24 X,);
Volume: 24 m3 BGO crystal;
# Bars: 285,500 bars;
# Sensors: 571,000 SiPMs;
PFA HCAL

Mechanical structure: Carbon Fiber; Lo S ./ L

Crystal PFA ECAL
(Transverse bar)

* FEA studies on: ©umcn
® stress; (SiDet + LYSO)
* deformation;
* temperature gradient;

TPC
(Pixelated Micromegas)

(MAPS SiPixel
+ Stitching + Bending) OTK

* No showstopper seen. ok (AC-LGAD strip)
(MAPS SiPixel)




CyberPFA

* Unique crystal bar design:

* criss-crossing crystal bars;
mﬂﬂﬂﬂdddA -

* intrinsic hit ambiguity;

* multiple locations overlap between 2x 5GeVEM ShOWEl'; BGO

layers;

* Energy deposits overlapping between particles;

* Requires custom Particle Flow Algorithm.

| i MCTruth

60 —40 —20 0 20 40 60
Z/ mm

CyberPFA

CrYstal Bar ECAL Reconstruction
Particle Flow Algorithm




CyberPFA: Higgs Mass Reconstruction

CEPC Ref-TDR ZH — vvgg @ 240 GeV
1 T mF e T r g

=

* Higgs mass reconstruction demonstrated = 25000 4
for AGORA/CEPC Reference Detector;

GeV)

1.

E 20000 5

} simulation
* Process: S L .

erer = HZ - ggv = 15000 : DSCBfit 1
10000 | -
* Center-of-mass Energy: [ ]
Vs = 240 GeV 5000 =
u : PH T [ TR T T | y

e Fit: 60 80 100 120 140 160 180

double-sided Crystal Ball distribution (DSCB) M(Dijet) (GeV)

Take Home Message:

* my resolution: 3.87 = 0.1 %

* achieves <4% BMR
Preprint:arXiv:2602.21489 6




Crystal ECAL: Key Ingredients
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Light Yield 2.25 ky/MIP
Decay Time 300 ns
Density 6.80 g cm-3

Radiation 1.12 cm
Length (X,)

Moliere 2.26 cm
Radius (pnm)

NDL EQRO6 | NDL EQR10 HPK S14160
6 um

oy

-

wemiralsd 2910 Y

Pixel Pitch 10 pm 10 pm
# Pixels @ 90 000 89 984
3Ix3mm?
PDE 30% 18%

@ 420 nm @ 460 nm
DCR @ 20°C 2.5 MHz 3.6 MHz
Crosstalk 12% N/A

Probability



Physics Prototype Design

Goals:

* minimize material budget;

* minimize stress on PCB;

* shield signal from EM interference;

"‘
A 4
* maximize scintillation light; / ’
12 cm
Calorimeter: I
e 12X2X2 cm3BGO/BSO bars

e 20 GeV e = 93.6% containment;

* granularity selected via simulation: Crystal Bars
* resolution

e compact/cheaper;

Integrated
PCB

Structure:

* lightweight 3D-printed
resin housing;

* PCB and shield fully integrated with
support structure

* crystal bars wrapped in ESR foil;

3D printed
Integrated EM housing

shielding




PS-T9: Experimental Goals

Goal: measure linearity/energy resolution

2024 Data

PS-T9 2024 (Before)

of calorimeter

2024 Digitized Simulation

7 s --

Resolution
=

Problem:
beam momentum spread of the
same order as the resolution;

P spl"e a

—

ReaSO n: Particle Energy [GeV]

Testbeam in 2024 included
upstream instrumentation:
— SciFi trackers;

— Cherenkov Detectors;

Solution:

remove upstream instrumentation

— reduce momentum spread;

— measure resolution more accurately;




PS-T9: Study Programme

MIP calibration Electron scans Systematics:
* Studied 5 positions on front face; electrons from 0.1-10 GeV; e ASIC shaping time (12.5-87.5 ns)
e p*/m*used for MIP calibration; 0.1 GeV steps below 1 GeV; e SiPM overvoltage scan (+2V)
* Repeated through campaign; 0.5 GeV steps above 1 GeV;  Spill structure/pile-up studies
collimation settings (=3 / £1.5 mm); from waveforms;
calorimeter inverted
(i.e. BSO preshower/tailcatcher)

Board 3, Channel 54 — Landau-Gauss MIP

10 HG_MIP Signal vs Shaping Time (Combined Channels)
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PS-T9: Linearity and Resolution

. 2025 PS-T9 Testheam Linearity 2025 PS-T9 Testbeam Resolution
* Goal: measure Y o i 202 e e o
linearity/resolution of 6007 8 Messired &l ¢ Measured
calorimeter 5001
— 51
=
— 400+ —
. . . S <
* linearity/resolution measured = 24
3 3001 =
from 0.1-6 GeV 3 N
200+
° I . Io . ho ~1°/ 100+ 21
calorimeter linear within o
above 1 GeV; 1]
® Deviation § 101 ® Deviation
. < <
* resolution better than target 2% £ o T o [ T J S D™ Y T S TN W o o
° ° < 2 L/ [ ]
including beam momentum 2 101 s, % | |
-2+ T T " i . T . : - . : : .
o 0 1 2 3 4 5 6 0 1 2 3 4 5 6
spread Energy [GeV] Epeam [GeV]

e <1 GeV, noise threshold/albedo Take Home Message:

leakage cause deviation from HG Crystal Calorimeter:

linearity * linear within 1%

— recoverable via algorithm * achieves 2% resolution target
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PS-T9: Particle Identification

Goal: use calorimeter to determine

BDT Multi-class ROC Curves (One-vs-Rest) 2025 June Testbeam Energy Distribution — 9 GeV

event type from energy distributionin | : 16° :
calorimeter ? |
10° :
0.8 ,
* No Cherenkov detector/tracker — o 107 — Elcton. 5 %
calorimeter must select particles; ¢ 8 1o2| T pmker s
2" pd
g 10!
* Boosted decision tree trained on o
. . . = 0.4 L i 100
simulation to classify:
° | . // gloo —— Electron / Total
electron; c 80
. . 0.2 = =}
* showering hadron-like; — Electron (AUC = 0.959 5 ©0
o MIP-like; Wi die (€ = 0.9 s
/” -== Micro-average (AUC = 0.996) iv] 20
0.0 ‘ ‘ ‘ ‘ Q
0.0 0.2 0.4 0.6 0.8 1.0 w ol— !
. . False Positive Rate 0 2 4 6 8 10
* Event level information used: Esum [GeV]
e centre-of-gravity (CoG);
* mean distance to CoG; Take Home Message:
* fraction of energy deposited * Receiver Operating Characteristic AUC : 0.996
per layer; * Highly granular crystal ECAL could be used for Particle
Flow PID — promising future prospects!

Paper: Preprint pending See more on Poster #3 L2
e



PS-T9: Shower Shape Distributions

Goal: study shower shape Yy | Moliéﬂ; e canlouian Shower-maximum T distribution
. Xy
flucuations 2 4 ° 8 0
0.301
* Shower maximum/Moliere 5
radius measured from 0.1-6 - .
GeV —_ .
T' 5 45
. € 4S5 > &
* Fitted event by event; £ 0.20] v £ <
> = = O
[ 5 o 32
2 0.151 32 2 0
* Lateral development: o 5 3 £
) £ £ @ 5
exponential model = s 8 @
S ] o & 2
o 0.10 2
] . QL-
* Longitudinal development:
] 1
gamma model RS 1
1 GeV e~ in BGO: Gamma(z) ® Bessel-K(x), integrated in 2x2 mm? blocks

2 Xo) 0.00-

0.0 2.5, 5.0 75 10.0 12.5 15.0 17.5 20.0

60 - : ; ; A :
40 - I 10°*

Take Home Message:

block probability

* Shower shapes are ~log-normally distributed

. iR S | I * New measurement as far as we know below 1 GeV
z [mm] (beam direction)

Paper: Preprint pending See more on Poster #10 13




PS-T9: Absorber Properties

Goal: extract BGO/calorimeter
absorber properties from shower

shapes

(T,) = Xo(log (Ei) - 0.5)

Radiation Length (X,):
distance over which electron loses
63.2% of its energy;

Critical Energy (E):

energy below which shower
extinction more probable than
multiplication;

(Fﬁq)zﬁ"'i)

Effective Moliere Radius (D, B=1):
Lateral radius containing 90% of
shower energy in highly granular
calorimeter;

Paper: Preprint pending See more on Poster #10

Mean py vs beam energy

Mean T, vs beam energy 25
70 Fit: Xo[In(E/E) — 0.5] (PDG/EGS4, e~ ) i g e P e
: Xo ) - 0. ’ =L .
Xo=11.2%0.0107 mm (PDG BGO 11.18) 4 é= 0_88'734558'35‘61355"2;";\,66\’
—— E.=10.7 +£0.0489 MeV (PDG BGO 10.50) — 00
651 slope/Xo(BGO) = 0.998 (Rossi B: 1,000) 24 gz—_205.:91£;0.00647 mm (PDG BGO 22.59 mm)
R2=1.0 1
60
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Beam Energy [GeV] Beam Energy [GeV]

Take Home Message:

* Radiation Length: 11.2 £ 0.01 mm — PDG: 11.18 mm
* C(Critical Energy: 10.7 £ 0.05 MeV — PDG: 10.5 MeV
* Effective Moliere Radius: 25.6 = 0.01 mm — PDG, nominal: 22.59 mm




PS-T9: Fast Shower Simulation

Data Model Data-generated classifier AUC vs beam energy

Goal: build fast shower simulation: cell £11IPI T Gaton beiie

20.0 0.651 —4— model

* Excellent energy resolution/granularity means ‘ e
bar-by-bar energy fluctuations can be studied,; =i o2

' ii flecails oo E 0.55
* Key Result: = 8

Bar-to-bar energy fluctuations follow a b v g = o {H ¥ H
single simple distribution once the R S PP et 25 g4
4 ateral (odd layers ateral (odd Ia ers
shower shape is known; o e 00 ) S . —
E=1GeV, Eqm =111 MIP | Beam energy [GeV]
* Sampling this distribution given a shower shape
Aggregate features — Data vs model — E = 1.5 GeV (N = 8000)
reproduces a full shower;
Niits (KS = 0.048) E.um (KS = 0.000) CoGy (KS = 0.011)
Take Home Message: 107 4 = 1o+ 10 ]
e 10-2 4 = model . it ]
e Benchmark generated/real classifier 10 r'“\'/\ m
(CaloChallenge 2022) of similar quality to | e By T
'F h . 150 155 160 165 170 175
State O t e art’ CoGy (KS = 0.016) , CoGz (KS =0.014) {|X —CoGx]) (KS =0.031)
* Aggregate features well reconstructed; 0]
i nn n-n 107 4 n | 1072 3 'I
° 33 us Der Shower 25 30 35 40 2 4 6 8 06 08 10 12 14
(Y = CoGy|} (KS = 0.044) fe,1 (KS = 0.034) fe,2 (KS = 0.012)
. 10° 4 ] 10° 4
* Research possible only due to the _
homogenous/highly granular design A TS _
T T T T T 1072 -4 : T T T o 102 - T T T T
0.6 0.8 1.0 1.2 1.4 0.0 0.1 0.2 0.3 0.4 0.5

Paper: Preprint pending See more on Poster #10 15




Conclusion

Take Home Messages:

* Rich physics program conducted at
CERN in 2025;

2025 PS-T9 Beamline [\

* CEPC crystal ECAL achieves CEPC

resolution requirements;

* Research ongoing into crystal bars
and SiPMs;

* Granularity of calorimeter is
sufficient to measure absorber

properties;

* Analysis and R&D will continue

during the long shutdown at CERN

16




Backup: CyberPFA: Innovations

Key innovations

1. Shower recognition using the ’energy core’

— i.e. shower-axis finding for photons;

2. Fit of longitudinal profile to split nearby
energy deposits;

3. ’Optimized’ selection of hits based on 'best

matching hit combinations’;

(i.e. longitudinal shower profiles)

Paper: 10.1088/1748-0221/21/03/P03003

~

using weighted longitudinal profile

1. Select local energy maxima

=
2 2
~E — 10 E'
I
fé-- 1
10t [}
()‘SMIPO
>
2
]
&
ECAL L

3. Split closeby showers
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4. Find optimal hit combination

(profile, timing, nbr. module)
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Backup: CyberPFA: n® - yy

* 10 reconstruction possible
(relevant foreg.Z = TT,H > TT)

* Low energy: 2y PFO

* High energy: PID via mean
energy-weighted distance (2nd moment)

from axis;

* 19 reconstruction efficiency:
* 2 neutral PFOs, energies equal
within 50-200 MeV;
* correctly identified 0 by PID;
* caveat: No PID for other particles:

— ’ideal scenario’

L L L L B L B L B
=]
2Ehit

600 - ]
i ' Thit - -)

400 |- - PR 1
rec. cluster

200 -

5 L

100

200 300
Second Moment

Take Home Message:

* Y and n@ distinguishable;
* Further possible PID
improvements:
— shower profile
— ML/multivariate analysis

400

Reconstruction efficiency [%]

CEPCRef-TDliR
R I 5%, R

Take Home Message:

* > 80% reconstruction efficiency
from 1-45 GeV

* Typical range of energies for
Z/H—- TT, others

10[] L AL S 1'DD,_.
g RN : ., i a'?.
. L I, . 1 'E'
80 - *e 180 &
= - af m
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B . il . . ® @ .
60 - e Eff: rrﬂ = Yy regonstruction® 160 g
B i PFOID - ’ 1 ﬁ
L » Eff: Combined o - o
0L y = n® Mis-ID rate 740 E
: ol 1 &
20 — 5 . . A ZG -E
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Energy [GeV]
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Backup: PS-T9 Experimental Goals

Goal: measure linearity/energy resolution

2024 Data

PS-T9 2024 (Before)

of calorimeter

2024 Digitized Simulation

7 s --

Resolution
=

Problem:
beam momentum spread of the
same order as the resolution;

P spl"e a

—

ReaSO n: Particle Energy [GeV]

Testbeam in 2024 included
upstream instrumentation:
— SciFi trackers;

— Cherenkov Detectors;

Solution:

remove upstream instrumentation

— reduce momentum spread;

— measure resolution more accurately;

19




Backup: Calorimeter Commissioning

PCB with SiPMs Baseplate

ESR-
Wrapped
Crystal
Bars

3D
printed
housing

4. Final Product

20




Backup: PS-T9 setup

:odqling Main Setup (Top View) Trigger Setup (Side View)
adiator

(15 £ 0.5C, Beam Pipe
controlled) AT

Calorimeter

Beam
(aligned to |
_{- calorimeter /
a_ |2 with Bosch |
; laser) Two 1X1X1cm3
.' (6X6X1cm3)
fl Gls. Sc. Trigger Cubes

4% /5% CAEN A5202 +
N B Citiroc 64-channel front-
PT-104 - end readout board

Temperature
Logger
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Backup: Crystal: Uniformity Studies

* BSO advantages:

e TBSO = 100 ns
— 3 X faster than BGO;

* High UV transmittance
— dual readout/fast timing (?)

e Germanium-free
— lower cost

* Response uniformity of batch of
fourteen 2X2X12 cm3 bars

measured;

* Source: 137Cs (662 keV Y)
— intra-crystal uniformity via mean

response;

Response of Different Crystal ID

"""" Overall Mean: 58000, |

@ Mean Value i
Error bars: Mean Error

Max: 75.7 p.e. (L4)
Min: 27.2 p.e. (R6)

Mean Response (p.e.)

Mean: 580 pe. 10 Bars CénsiStent \/

H e —
! — i

lllll ﬂ_iEl'S @

i D) I A (I L

L2 L3 L4 L5 L6 R R2 R3 R4 R5 Re 6B 10
Crystal ID

137Cs Y energy spectrum

2]

5 C
2 300
S -

250}~

200

150

T

C

ok

0"~ 20 40 60 80 100 120
Detected photons of two SiPMs (N

Take Home Message:

* Good uniformity for 10 BSO bars;
e 4 outliers (L5, R1, R4, R6);

* One of the first sets of long BSO bars = promising start.




Backup: SiPM: Nonlinearity Studies

. . 1e6 SiPM NPE Correlation
e SiPMs required to operate up to 5X10° p.e; 10{ o= y—x (ideal linearity)
® BGO2x2x12cm3 ,/,
@ BSO2x2x12cm? ///
7
* SiPMs have limited pixels 08 ] s
4
— non-linearity is a correctable problem; — e
] s
% 0.6 // oo
3 -~ =" ‘
° ° ° ° '
* Slow scintillation time of BGO can be advantageous: z e ° o |
t’] , Py . e :
* SiPM pixels recover in T, = 20 ns ° 04 et e
5 R SR T
. . o . P
e Scintillation time of BGO T, = 300 ns = Mt
S
* Higher effective # pixels can fire; 021 i
Ue
f
7/
.).
| v
* Test setup: 3025;,}{;?:;"5 signal in 0.0 | : . : :
B linear regime 0.0 0.2 0.4 0.6 0.8 1.0
3 — Ny e. of SiPMgr after calibration [p.e.] le6
signal in Pre—shower—»d l
o iner o (R Take Home Message:
regime l l
SIPM SiPM * BGO deviates 12% less than BSO from linearity;

(DUT) (Reference)

* BGO slower = more pixels can fire, non-linearity
shower maximum

tuned to be inside less severe
crystal bar

Preprint: arXiv:2603.08167v1 23




Backup: PS-T9 Results: Beamline Fast Simulation

mm Simulation --- Generated (flow)

Goal: resample available beamline simulation; L0 o€V ¥ — nase-space Agreermert
102 103 q
. . . 2 F ) 2 102 iui
* CERN experts provide simulations of beam 2 10 g @ 100 7 10 ;
o g i 8 8 100 fi
particles’ 2 10 ;‘é . > |
el e = . = 5 10° :
* spatial distribution; s I i | 3 E é%
. . . 21071 E==E glo—l g 10_1 __ I
* momentum distribution; 5 = s==== = ; o2 L
-04 -0.2 0.0 0.2 0.4 -04 -0.2 : ; -0.2 -0.1 0.0
x [m]
* Problem: _ 10 | 0 _
— small number of statistics; g 10° i o g
8 o | o 10 o
— long simulation time; 2 - 2 g0
2 10° = g 10! ° i
e =l fo7]
. —— - |
* Solution: L2 i — i :
.. .. -0.1 0.0 0.1 0.92 0.0 0.5 1.0 1.5 2.0
— conditional normalizing flow; By JE

— median reduced X2 of 4.0 over all particles;
— 33 pus per sample
— ONNX allows deployment in Geant4

Take Home Message:

Fast, accurate beamline simulation integrated with Geant4
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