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> Introduction to STCF ECAL




Super Tau-Charm Facility (STCF)

® Next-generation high luminosity e*e~collider in China

» Center-of-mass energy: 2 — 7 GeV ® Challenges and requirements
> Luminosity: = 0.5x 10 cm™2s ! @4 GeV | f ECAL
T 5 ~ | O High event rate (400 kHz)
SOeIe I g ' O High background level (~MHz)
R »A Ly O Radiation resistance (40 krad)
§ Linear accelerator £ S . /Y ® Large energy dynamic range:
| — 25 MeV ~ 3.5 GeV
€ Precise energy resolution :
<25% @ 1 GeV

e 3 Tk

| Posion damping fing 4 Good position resolution :
o e — — ~5mm @ 1 GeV
T ® Good time resolution:
e ~300 ps @ 1 GeV

Inner Tracker 4




Design of STCF ECAL

® Design of Sensitive Units ® Design of Electronics
€ Pure Csl (pCsl) crystal (28 cm (15X)) » Charge-sensitive amplifier (CSA)
» Fast decay time (~30 ns) » Waveform sampling readout

» Excellent radiation hardness
€ Avalanche photodiode (APD)

» Insensitive to magnetic field

» High quantum efficiency (Q.E.)

® Design of Geometry
» Barrel + Endcap: 8670 crystals
v’ ~95% solid angle coverage
» Defocus layout

2
10 % 1) mm__ v ~6% higher detection efficiency
| S
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pCsl crystal APD (S8864-1010) Crystal arrangement diagram
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» Optimization and Development of Prototype




Light output enhancement

® Low light collection efficiency
» Emission peak of pCsl is ~310 nm

O Low transmittance
O LowAPD Q.E.

® \WLS coating scheme
» Wavelength shifting: ~300 nm - ~550 nm

0 T T —4,
v Transmittance: 30% > 50% 0 TR0 00
_ 0 0 Spectra of pCsl Emission & transmittagnce, APD Q.E.,
v APD Q.E.. 40% - 80% NOL Absorption & emission
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» Coating thickness optimization: ~20 um
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Light output enhancement

® Automated coating device
» Higher coating efficiency

» Better thickness uniformity
> Less harm to humans

® Light output enhancement
» Coat 25 crystals in the prototype

» Average light output increase: ~175%

Automated coating device
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Development of Prototype

® Sensitive unit components:
(1) Crystals with reflective material
@2 4 APDs

@) Front-end electronics

® ECAL prototype components:
» 5 X 5 sensitive unit array

» Back-end electronics
» Temperature stabilization system

5 X 5 sensitive unit array water chiller
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Optimization of Crystal Growth Conditions

® Requirements of pCsl crystals
» Radiation hardness: >70% L.Y. (100 krad)

» Slow component fraction: <10%

® Performance vs. growth conditions
v 7.4% slow component fraction

O Radiation hardness test in the future

) I I T IS
Growth condition | Baking environment | Annealing | Deoxidizing %
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Type 4 Air No No § ..............................................................................................................................................................
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Grow Condition Type
8 types of growth condition Slow component fraction vs. growth conditiolrbs



» Beam Test and Performance Study




Beam Test

® Beam test of the ECAL prototype

Beam—

» PS T09 beam line at CERN 25

» Multi-system test
« PID Detector——BTOF&PIDB
- ECAL
« TO Detector
 Tracking Detector
» Beam type and momentum

ut ~ 10 GeV/c
et 0.2-3.5 GeV/c
hardon* 1-5 GeV/c

- ITKM Tracker 1 BTOF Tracker2  PIDB Tracker3 ECAL
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Beam Test
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Operating status of Prototype

® Noise level

> Low Gain : ~3.2 fC (ENE: ~ 0.8 MeV) = o=18910 N\\ T et [
3 - ~U. e
> High Gain: ~1.9 fC (ENE: ~0.5 MeV) = [ - ar
® High-Low gain ratio : ~ 10 - / \ ] \
® Calibration with u*: ~180 MeV w7 / RS

counts
counts

= ~0.49 MeV |

20002 // \f{ i 10000g j \

:‘ = i N W = Lo Lo L _\\\\\ I\\\\\\\\III\\\\\*-O—A-_L\III_
%200 2250 2300 2350 2400 2345 2350 2355 2360 2365 2370 2375 2380

ADC value ADC value

® Temperature is stable: ~30+0.5 °C High gain noise Low gain noise
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Energy Reconstruction Performance

® Good Energy linearity
» From 0.2 GeV to 3.5 GeV

® Energy resolution for 1 GeV e™ is 2.24% (better than 2024)
» Higher dynamic range of low-noise HG channel
» Less material budget in front of ECAL

[22]

% 35: | o o o o o o % E E n ” 'B_2| - *
S, o / - §1 80C Mean=1.0193GeV .M = 34 - ]
uf - . 1605 Sigma=22.801MeV | 5 aaf -
2'52 i ::Zg Sigma/Mean=2.24% rJ § 3f « 2024 result f
" 100F Ib | 5 28 « 2025 result
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C - - i ll r \ / 7
1 : " fo 24 2.24% (2025) -
B ] 40° i | - . . \ J
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Energy linearity Energy spectrum of 1 GeV e™ Energy resolution vs. Energy

15



Pileup Mitigation

® LEDlightisintroduced to simulate high background in STCF
» Energy spectrum similar to background
» Frequency up to 14 MHz

® Pileup mitigation with “pipeline fitting” method
» ~2.5% energy resolution under 3 MHz background level

812000 (a) S B T oL
212000 a) 20 &, c. .
—HAmMp [ Peak searching
10000 | in 3 4| ¢ Pipeline fiting
B ’ (SR [T SRR SRS S VR N ST S B b S S — $ -
i o B
8000 = Ounda 3.51
[ED back@r@)und 2 10 g |
6000 \ - w ~
4000}- \ 5 B
- INERN 2sf.
S A R D S &
2000
o_”"500""1006"‘1506"'2006"'2506'”3000‘_"5500 0 i T R B B B R
Time (ns) -400 200 0 200 400 600 800 % 2 4 6 8

(o Fréduencyit
{ [ns]
Signal with LED background Pipeline fitting example  Energy resolution degradation with LED
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Position Reconstruction Performance

® Position resolution for 1 GeV e is ~5.5 MM (Ay= XgcaL Rec — XIncident)
® Limited by the track extrapolation accuracy

» Unable to perform tracking goodness-of-fit selection

» Next beam test is scheduled for December

8_|||||\\|\||||||\|\\|\|||\||\

S P 6-5.48 mmfh[ é -
© 100 \ -% [
- Xf [ I . . 2024 result
80_ r = L
. s = ! + 2025 result
6ol / . *§ 5- :
40: [}1 \H f 4;
20f j}j H‘“\&k f 3f
E)40IIH—SOHLDfI;OIH|—10|HIOHH1:ZI‘LMMI20HH30HH;0 2_”0.5'IH‘I‘H|1.5||II2HH2.5‘H|3|H|3.5H
Ax[mm] energy[GeV]
Position reconstruction results of 1 GeV e* Position resolution vs. Energy
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Time Reconstruction Performance

® Time reconstruction (Ar= Tgcar rec — To) fOr
hadron beam (" /p*/e™)

» Pulse shape differences result in a nonuniform
time response

v" A good uniformity is achieved with an “unfixed

MIP

~~ m/p shower
S etshower

Counts

10

E_Energy spectrum

3 e gg
Shape flttlng methOd 1:I o b b b e b by
0 500 1000 1500 2000 2500 3000 3500
Energy[MeV]
% [ 'a‘ 2?40 T ! “ T T T ! — 160 '5‘ 2740 ) T : ! T T T T 90
%- 1; . P . (I:A*IZhower g 2735f leed Shap fit |ng f 140 g 2735f . nfixed C‘hape fit mgf 80
2 08| ' “: | - m/pshower g N 1 —120 % 27305 - 17
: g 1. m/p shower g o
0.8/— o " SR . IS N P o o 50
- o 27258l e R 40
o4~ : = L TP shower N
. Py B| " o W] 20
02— - IR R AN A B i -
j EMIP € SowEl i e*shower B
e (TR T R I S TR TV 2710555 o08 7800 2000 2500 5000 27'1001\"*!" 50010007500 2000 2500 5000 °
Time[ns] Seed Energy[MeV] Seed Energy[MeV]
Pulse shape differences Time reconstruction vs. Energy for 3 GeV hadron* beam
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Time Reconstruction Performance
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» Summary




=" Summary

® Optimization of sensitive units
» Significant increase In light output (~175%)

» Growth of low slow-component fraction pCsl (~7.4%)

® Development of ECAL prototype

® Beam test of ECAL prototype

» Performance meets the design requirements

e 2.24% (energy), 5.5 mm (position), 230 ps (time)

« Pileup mitigation of background
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® Optimization of sensitive units
» Significant increase In light output (~175%)

» Growth of low slow-component fraction pCsl (~7.4%)

® Development of ECAL prototype

® Beam test of ECAL prototype
» Performance meets the design requirements
e 2.24% (energy), 5.5 mm (position), 230 ps (time)

« Pileup mitigation of background
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STCF Physical Topics

STCF CDR: Volume 1 -- Physics & D/e__tgctor

arXiv:2303.15790 % @ ()

S

XYZ Properties: ere-— Y —yX NX,oX, eve-—Y—nlc, KZcs

Hadron Spectroscopy: Excited ccbar and their transition,
Charmed hadron spectroscopy, Light hadron spectroscopy

R value: e+e-—inclusive. v mass: @+e-—T+T-

To be presented on FOP a 'x r,"—'-‘l
\ ) { ;I \\_~__/

y o { QCD and hadronic physics

Nucleon Form Factors: ese-—BBbar from threshold

P .
T [ T T
n

Pentaquarks: ese-—J/pppbar, Ac Dbar pbar, Zc Dbar pbar
Di-charmonium: e+e--—J/ync, J/yhc

Muon g-2: e+e-—T11+ -, 1+ 1n- 1o, 4n, K+ K-, yy—n0, n).rm+ rn-

Fragmentation functions: e+e-— (M K. p A D)+ X, ece-— (1 KK, mK)+X

CKM matrix (Ved, Ves): D (8)s—lav, D—P ls v

Charm hadron decay: Ac+, Zc, =c, (Oc decay

CPV in Hyperons: J/'y—AAbar, ZZbar, =- =+bar, =0 =0bar

DO-DObar mixing: Ww(3770)— (D0 DObarn)(CP=-),

( PhYSIcs at STCF Flavor Physics and CP Violation

Wi(4140)—1m0 (DO DObar){(CP=-) or y(DO DObar)(CP=4)

e —

- Leading role

Forbidden/Rare decay and New Particl

- In Competition with Belle I/LHCb
- Synergy with Bellell/LHCb/Eic/EicC

CPVinT: 7—Ks nv, EDM of 7, T-—»n/K O v for polarized e- beam

CPV in Charm: DO—K+K-/T1+1n-, Ac—pK-rn1+nO/An+n+n-/pKs rnm+n

Y/$3 measurement: DO—K(s/L) m+ -, K(s/L) K+ K- K3mn, 4n

Y polarization: DO —K1 e+ v_e

LNV, BNV: D(s)+—<l+ |+ X-, J/y-—<Ac e-, B—+Bbar...

Symmetry violation: n(’)—=Ino, n'—=nll...

FLV decays: 1—vyl, ILI P1 P2 , J/y—II', DO—II (I'=l)...

FCNC: D—vyV, DO—l+ |-, ese-—D « , Zu—pls I-_..

Dark photon: e+e-—yA'(-=l+ |- ), J/y-—wasa-A’'_ ..
Millicharged: e+e-—=xX V...




STCF Spectrometer

291 cm > MUD
= W suppression power =30 at p < 2
GeVic
fron-yorksMUD
ECAL
= Energy range: 23 MeV - 3.5 GeV

s gelE ~ 2.8% at E =1 GeV

. / Tpos ~ 5 MM, gr ~ 300 ps at E = 1
. erconducting magnet (1 1) | L By GeV

= [‘MC‘ é—_——-—-—
i I - /K (and K/p) 4o separation power
JCm » =
: PID (RICH) s up to 2 Gev/ic
85cm — = R 20°
= 4
X 5 40 ¢cm
20 cm
16 cm >
11(9.8) cm R
(,’(3(,)) CI]] ""_ _____ AR e ot e e e e et T daa s GEEA b U LS e Flat e e e e e o e )
e IR = = = ¥ 2 - ~0.25% Xylayer
S O S =) ~ M i i
e 8 e e c = Opes = 100 pm for single hit

Required performances

STCF spectrometer layout



Performance requirements for ECAL
» Energy:. < 2.5% @ 1 GeV

* Measurement requirements
* Working environment

10°4 STCF CDR ———— yin continuum @ 7.0 GeV
——— vinA_decay @ 4.7 GeV
——— yintdecay @ 4.26 GeV
10* 4 y in D decay @ 3.773 GeV
- ~ vy inJhy decay @ 3.097 GeV
— yinTyu @ 4.26 GeV
" ' — yin D, —y D, at4.18 GeV
10° A — v iny(2S)—y 5. (25) at 3.686 GeV
=
10 | [\
10 4
. Mgy
T T T T 'l""l"'l“.' """" l"llll
00 02 04 06 08 1.0 1.2 1.4 1.6 1.8 2.(
E[GeV] . . .
Photon energy distribution
/
E, = 25 MeV -3.5 GeV
|4
NC
Dynamic range
o

R axis (cm)

> Position: ~5mm @ 1 GeV

» Time: ~300 ps @ 1 GeV

Gyly
10°
o 0.8 B RBB clectron
0.7 R RBB photon
10° e 3 B Two photon
102 = 0.61 @ Thouschek
= - mmm Coulomb scattering
10 5 0.51 =3 Bremsstrahlung
! ;_0 0.41
€ 03
102 <
< 0.2

| 1 1 L1 L1 1 1 L1l
50 100 150 200 250 300 350
Z axis (cm)

Irradiation dose distribution

1072
10
10°

10

e

Peak TID> 400 Gy -y~1

)

Radiation tolerance

J

20 40 60 80 100 120 140

Polar angle [°]

Background counts

Background level~1 MHz

/

Fast response
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Defocused Layout
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Crystal Size Optimization

Longitudinal size: 15X, (28 cm)
» 95% energy deposits for 3 GeV photons

. 5x5om?
.

+ 3x3cm?

Energy Resolution (%)
N W L U‘II D ~ (o IR {o]

; 35
Photon Energy (GeV)
Energy resolution vs. lateral size

L ateral size:

5x5 cm2

» The minimum angle of the two photons from the T1°

decay is about 10° (~5.5 X 3 cm)

» Smaller size leads to poor energy resolution but

better position resolution.

Position Resolution (m
&5 ® ® O N

p*]

Position resolution vs. lateral size

e 5x5cm
— 4 x 4 cm?
® 43x3cm’

— 14 [ - : : : ‘ T :
9 ‘

05 1 15 2 25 3

Photon Energy (GeV)




Crystal Selection - pCsl

———1
Crystal pure Csl || LYSO GSO PWO BaF;
Density (g/cm®) 4.51 7.40 6.71 8.30 4.89
Radiati
Hon 186 || 114 1.38 0.89 2.03
Length (cm)
Moliere
3.57 2.07 2.23 2.00 3.10
Radius (cm)
Hygroscopicity Slight No No No No
Luminescence (nm) 310 402 430 425(s) 300(s)
420(f) 220(f)
S0(s S0(s
Decay time (ns) 0(2) 40 60 30(s) i l{“}
6(f) 10(f) ).6(f)
Light output” (%) () 85 20 (5 ( )
L.1(f) 0.1(f) 4.1(f)
D
ose rate No No - Yes No
dependent
Reasons for not Cost is | Unable to produce | Too low | Slow component is
being selected - too high large crystals light yield | hard to suppress

f = fast component, s = slow component.

Quantum efficiency (%)

100

80

60

/ S8664-02K/-05K/-10K/ /\\
40 -20K/-30K/-50K
APD
20
~45% @310 nm
0
300 400 500 600 700 800 900

(Typ. Ta=25 °C)

! l
S8664-55/-1010
A

I\

Wavelength (nm)

1000



WLS Coating Stability

» Irradiation test » Aging test in the future

« Aging study of WLS is tested in high temperature

environment
« The relationship is described by Arrhenius

* Irradiate WLS with 6°Co source:
- 90 krad: no obvious decline
- 833 krad: decrease by 30%

. A
 Good radiation hardness of WLS formula: In(t) = e B,
o 1.2r )
?g i Ho-a0e ¥/ ndf 30.87 /1
E 1' = Prob 2.761e-08
ot i tn 0 1.248e+04 £ 785.8
= - = B5— p1 -30.87 + 2.261
< 0.8 — 4’/‘\\
Q i -
= 0.6}
@© i -
| e —
- No WLS 5 preliminary
02f
0": ] ] ] ul | |
10 102 103 104 105 0.6028 DI.GI'.ZIESIEI I l'_l".C':JEEI IC'I.GIL!ZDI:?I I IZI.IIIC'EI I IC'I.C'IZISDIE : E'.C'EIEH
Dose / rad T
Light output vs. radiation dose Aging effect of PS is described by
Arrhenius formula 30
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Slow Component Fraction

spectrum
a = spectrum
[ -
> — 2
8 5
slow - 7502 S 10°
10’ slow+fast - 0-07°020

ey
]
"

g IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| T TTIT

ultra _
total = 0.057162

[-2]

—y
]
|
—_
=

—
=1 TTTTII
-t
—
ja]

[E]

ey
]

a fast slow
i component component 10*
E l 1 | 1 1 l 1 | 1 1 1 1 | 1 1 1 1 | 1 l 1 1 | 1
— 1 | | | | | | | | | | | | | | | | | | | | | | | | | |
500 300 200 500 500 2 300 400 500 600 700 800

wavelength[nm

LYSO emission spectrum

700 800
wavelength[nm]

pCsl emission spectrum

« Fast component [250 nm, 400 nm], slow component [400 nm, 800 nm]
« The short-wave component with a peak ~235 nm is caused by the instrument
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Performance vs. Simulation

Cad

Energy Resolution (%)
S R S S S

tlll|IIIjllIIIIItIII|III|III1III

—
=

~« Data

MC

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

—
Pt

Position Resolution (mm)

=]

|

* Energy and position resolution vs. e* beam momentum

2025/11/8
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Time Response Non-uniformity

time distribution of detected photons

shower energy - hit time hit energy-hit time =,
w 2740 his w 160 his @, —MIP
£ - . Entries 55907 | £ - Entries 8000 2z
£ C Mean x 3355 | E C Meanx  548.1 28 EShower
= - Mean y 2720 P T - Mean y 135.2 o
2735~ StdDevx 326.3 155~ SidDevx 6815 . ——HShower
= o . Std Devy 2.51 - StdDevy 1.014
.- i . . 500 r
2 - -Hadron 1o * :
P L 400 C
C 40 5
2725] 145—
300 - 4
- Hadron ”
2720 140[— 3
____________ 200 _ 20
L T R . : 2
C : 100 1351 S SR RO =
. B e == 10
E : Positron B g _ : _ 1
2710_ L ?'-.' ‘ L V' e e L b e L | 0 130_'Ml‘|p \ \.-I. L | P R R T R T R N Rl Olsltron\ I 0 =
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000 0'_ A T O A T T SN SN N RN SN TN T AN N MO SR S NN SR T N S |
energy/MeV energy/MaV 1] 1 2 3 4 5

time[ns]

Time response vs. energy deposition Time response vs. energy deposition  time distribution of photons detected
for 3 GeV hadron beam (data) for 3 GeV hadron beam (simulation) in the simulation

* In the simulation, positrons are also slightly slower than MIPs (~1 ns), originating
from the spatial distribution of energy loss
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Time Response Non-uniformity

0.95 0.95

Pure Csl Data Pure Csl Data 101
33.75 hours, beam off 491.75 hours, beam on
0.90 | = 0.90 ¥ =
(@] (@]
{ o £ 10°
o 085 FEpm—— i c o 085 c
& Qo Q o)
Y. 5 ~ (o | _ e 101
0.80 n 0.80 % » e e e R 0
k) i SR R
p p -
4 4 ! 4
0.75 1076 0.75 10-2 &
0.70 L ' ' A 0.70 — ' L
20 40 60 20 40 60
Esoons [MeV] Esoons [MeV]
Rysq VS. Energy In cosmic-ray test R,sq VS. Energy in neutron beam test

* Low R, events in neutron beam indicate a slower scintillation component of
PCsl crystals
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Operational status stability
» Stability of LG noise » Stability of HG-LG gain ratio

—_
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» Stability of LG pedestal » Stability of temperatur
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Events /1.40(MeV/c?)

Energy spectra of e*

ECAL Energy Distribution
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Pipeline fitting

O Pipeline fitting method
» Real-time online processing

» Template fit once for each fitting

. Ea_cig fitting begin with different ADC
poin

« Add one more fitting between two ADC
points

» Fit successful

« A>Ewy,

« AT <125/2

e x%/ndf < 3:

5),(_21/7’ldf :£Zi, -Eyi —A-f(t;—1) - ,

(oo (ﬁyfo.onzf) im0 P
— Cache and compared with next fit
— Remove template
— Ongoing processing

Amplitude

QOutput

co oo
oWk e
2

/
[

o

|
o
.

-0.2

035007200 —100 0100 200 300 400 500 600 700
Time/ ns

1E
0.8
0.6
0.4
0.2
0
-0.2
~0.4
-0.6
-08F

~500 —200 100 0 100 200 300 400 500 600 700
Time / ns

IIIIIIIIIIIIIITIIIlIII|III|IIIIII




Hadron beam components

Entries 193529
Mean 645.6
3 M I P Std Dev 636.4

counts
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HG Channel Events
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amplitude[au]

= Electric impulse function _ _ _
. « Hit=1: pass through a single crystal and its gap

HG « Hit=2: pass through two crystals and the gap
LG « Hit=3: pass through three crystals and the gap
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Unfixed-shape fitting

« Form of the template fitting function:

t>T0

(3 Awe™ 7} - (8 = To)* + ped
i=0

f(t) =<

ped t <1y
\

5 Exponential X1 Power

« Only two free parameters:
ped(pedestal) and TO(time)

2025/11/8

« Template does not fit MIP and

hadron pulses well

> MIP and e*
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> Hadron showers
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Unfixed-shape fitting

» Time resolution of MIP gets worse because of electronic nose

time resolution hit energy-hit time hit energy-hit time
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