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Motivation

Future electron-position colliders (e.g. CEPC) tracker _ECAL HoAL
P =38
* precision measurements of the Higgs and Z/W bosons Y F: s M i
« Challenge: jet energy resolution < 30%/sqrt(E[GeV]) & Boson ¥ Pmide'mw
MaSS RESO'UtiOn (BMR) < 4% tracker ECAL HCAL
1 Solution
PFA-oriented Detector System — Yoke + Muon
De{w e yDeer gT;éZT; RPC or u-RWELL)
(&
Baseline Design ‘ The 4t Conceptual Design g
Evolution
® BMR ~3.8% Achieved ® Pursue BMR ~3.0% I
® Fulfill requirements of ® Requirements for Flavor Physics -

Si Pixel Vertex

Higgs measurements & New Physics Measurements




The 4th Conceptual Detector Design

Drift chamber olenoid 3 erse ator HCAL (GSHCAL)
for PID agne al ba A

Advantages: Cost effective, high density etc.

Challenges: Light yield, transparency, mass production

€ Further performance goal: BMR 3.8% -> 3%

€ Dominant factors on BMR: charged hadron
fragments & HCAL resolution

A « Higher density provides higher energy
sampling fraction

« Doping with neutron-sensitive elements:
‘ Improve hadronic response (Gd)

« Large nuclear interaction length is beneficial

| for a relatively compact structure
Muon+Yoke Si Vertex Si Tracker




1.1 HCAL Designs Proposed for the CEPC

O Several PFA-based HCAL designs were proposed for the CEPC [PEA Catorimater”|

 DHCAL.: baseline design, gaseous detector
- CALICE SDHCAL group doi:10.1088/1748-0221/11/04/P04001

« AHCAL.: baseline design, plastic scintillator & SiPM readout
- USTC doi:10.1088/1748-0221/17/11/P11034

-
« GSHCAL: 4t conceptual design, glass scintillator & SiPM readout =
- IHEP & GS Collaboration doi:10.1016/j.nima.2023.168944 | Pastic || Guss |
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GSHCAL Prototype
To be designed in the next two years
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https://iopscience.iop.org/article/10.1088/1748-0221/11/04/P04001
https://iopscience.iop.org/article/10.1088/1748-0221/17/11/P11034/meta
https://doi.org/10.1016/j.nima.2023.168944

1.2 GSHCAL Overall Structure

Barrel

Pipe

Endcap
Barrel

| Endcap EndcapRing
O The overall structure of the GSHCAL consists of three

parts: the Barrel, Endcap and EndCapRing
* Thickness of the Barrel: ~1 m
« Quter radius of the Barrel: ~3 m
« Length along beam direction: ~7 m
* Number of Layers: ~40
e GS/Steel Volume: ~46/64 m?3
 Number of SiPM readout Channels: ~3x106




2.1 Simulation Studies of GSHCAL Performance

« Standalone module simulation -> Hadronic energy resolution -> Input for fast simulation
« Fast/Full simulation -> PFA performance (BMR) based on the GSHCAL

* The focus of this part is the PFA performance (BMR) obtained from the Full simulation
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2.2 Simulation Setup

N\ Standalone
Module

Based on the CEPCSoft framework and CDR baseline design,
but replacing the AHCAL with glass scintillator/steel HCAL

Primaries input: 240 GeV e+e- -> nu_nu H (H -> gg)

| 4x4x1 cm? GS
readout with the
SiPM

 Glass components : Gd-B-Si-Ge-Ce3*
* GSHCAL Nominal Parameters

Total Number of Layers 40
GSHCAL

Si/W ECAL

Glass Cell Size 40%x40%x10 mm?

Total Nuclear

Interaction Length (NIL) 2
Glass Density 6 g/cm?3
Readout Threshold 0.1 MIP Baseline Design using GSHCAL




2.3 Impact of Some Key Parameters

_ Glass Thickness per Layer
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NIL per layer is fixed
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Glass Thickness per Layer [mm]

» Thicker glass -> higher sampling fraction -> better
hadronic energy resolution & BMR (pros)

» Thicker glass -> thicker GSHCAL (higher cost) &
worse optical performance of cells (cons)

» Reasonable glass thickness is necessary to balance
the impact of sampling fraction and optical
performance on the BMR, as well as the cost
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_ Transverse Cell Size
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Smaller transverse cell size -> higher efficiency to
separate close-by showers -> better BMR (pros)

Smaller transverse cell size -> more number of
readout channels -> higher cost (cons)

Reasonable transverse cell size is necessary to
balance the impact of transverse granularity on the
BMR and the cost of the readout channel



2.3 Impact of Some Key Parameters

__Number of Layers __Glass Density

* Sampling fraction is fixed

4.4

4.2
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BMR %]

3.8

* NIL per layer is fixed
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3.4

Glass Density [g/cnt]

» More sampling layers -> greater total NIL and lower > Higher glass density -> more compact GSHCAL &

energy leakage -> better hadronic energy resolution lower confusion term in PFA -> lower cost & better
and & BMR (pros) BMR (pros)

» More sampling layers -> thicker GSHCAL & more » Higher glass density -> scintillation performance
readout channels -> higher cost (cons) degradation -> BMR degradation (cons)

» Reasonable number of layers should be selected to » Reasonable glass density should be selected to
balance the impact of energy leakage on the BMR balance the BMR and the cost.

and the cost
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2.4 GSHCAL vs. Baseline Design

Parameter GSHCAL AHCAL DHCAL T T | T T | T T ‘ T T T T T 177 T T 1T 1T T T T T
Readout Analog Analog Digital 0.06— /S = 240GeV —
Number of layers 40 40 40 E 74 7 H E
0.125lambda  0.125lambda  0.12 lambda 0.05/— <, £7VV, H—00 ]
Layer thickness (3mm GS (3mm PS (3mm RPC > - -
+18.8mm Steel)  +20mm Steel) +20mm Steel 8 0.04— —
Total Nuclear O u N
Interaction Length > M09 slambda  48lambda S g3 DHCAL BMR: 3.68% e
Transverse 5 5 5 ) - . o .
Cell Size 40x40 mm 40x40 mm 10x10 mm < 000" AHCAL BMR: 3.77% E
Sensitive Material 6 glem? 1 glem? <102 glem? -~  GSHCAL BMR: 3.70% i
Density 0.01— —
HCAL Thickness 873 mm 931 mm 931 mm - ]
13 m3(GS) 14 m3(PS) 14 m3(RPC) ol b e NI I || c g
HCAL Volume 81mi(Steel)  OLmi(Steel) 91 m(Steel) %0 70 80 90 100 110 120 130 140 150 160
6 6 7 V|5|ble GeV
Number of Cells 2.7X10 2.8X10 4.5%x10

*Gaussian fitting range: Mean +/- 2 RMS

» By using a similar setup with the AHCAL, the GSHCAL can achieve a more compact structure and less
readout channels, as well as a comparable PFA performance with the DHCAL

s &8 00O I I



2.5 Different GSHCAL Designs

Parameter GSHCAL1 GSHCAL?2 GSHCALS3

Readout Analog Analog Analog 0.06:_II T T | ' T 171 ‘ T T ‘ T T T 17T T T T T TT T TT T 1T T \I_:
Number of layers 40 40 40 E Vs = 240GeV E
0.125 lambda 0.125 lambda 0.125 lambda 0.05[ ZH, Z—vv, H—>gg ]
Layer thickness (B3mm GS (10mm GS (2'9 7 mm GS) N N
+18.8mm Steel)  +13.9mm Steel) | > 0.04] =
o - -
Total Nuclear o B N
Interaction Length glelzes 9 [t S LEE6E S 0.03= GSHCAL1BMR:3.70% ]
Transverse 40%40 mm?2 40x40mm?  20x20mm? = | GSHCAL2 BMR: 3.59% -
Cell Size < 0.02— -
90 a | . [} ]
Sensitive Material 6 glem? 6 glom? 6 glom? u GSHCALS BMR: 3.37% .
Density 0.01— ]
HCAL Thickness 873 mm 962 mm 1218 mm - ]
13 mB(GS) 46 m3(GS) . coa vy L g 1 ’" I B B “ L]

HCAL Volume 81 m3(Steel) 64 m3(Steel) 159 m3(GS) %0 70 80 90 1 00 1 1066130 130 140 1 50 160

icihla
Number of Cells 2.7x10°6 2.9%x10° 54x%107 *Gaussian ﬁtting range: Mean +/- 2 RMS

» The GSHCAL2 design is slightly thicker (+30 mm) than the AHCAL, BMR can reach ~3.6% (improved ~5%)
» The GSHCALZ3 is a homogenous design, with which the BMR can reach ~3.4% and show ~10% improvement,
but the total volume and readout channel will also increase significantly

s 8 000OO© I """ 71



2.6 Preliminary Digitization for Deposited Energy

= |2 2 § Thr_25p.e. g
O-signal_\/o-p.e. + Onoise 3'9:_ Thr_50p.e. E
i 3.85— Thr_80p.e. —
Slgnal - Thr_100p.e. -
. 3.8 Thr_120p.e. —

=, - =

E — ]

m 3.7 —

3.65 =

26, E

3-55I:_ | | | | | | | | | | | | | | | | | | | | | | | _:I

100 150 200 250 300

MIP Light output [p.e./MIP]

» The deposited energy is digitized based on the fluctuation from the p.e. number and the noise
» Readout threshold was set to 5*Sigma

noise

» The noise, readout threshold and MIP light output are three correlated factors that impact the BMR; when the
noise fluctuation is better than ~10 p.e. (i.e. Thr. less than 50 p.e.) and the MIP light output > 80 p.e./MIP, the
Impact of MIP light output on the BMR s not significant

s 8§ 00OO© I _ """ 1 EeE=



Summary of GSHCAL Simulation and Design;

> Overall 4" conceptual detector design has not been implemented in the software framework yet, we first study the
PFA performance of the GSHCAL in the baseline design by replacing the AHCAL with the GSHCAL, and the
impact of some key GSHCAL parameters on BMR was obtained.

» The GSHCAL of nominal setup is a cost-effective design with a BMR of ~3.6% (~5% improvement w.r.t the

AHCAL), which is a very promising alternative design.

> Overall PFA performance of the 4™ conceptual detector design and the design implementation in the software

framework is ongoing; Fine tuning of the PFA parameters for this design is also needed.

» The study of digitization process considering more parameters (transmittance, decay time and non-uniformity etc.)

IS also ongoing and should be validated on test data.

» Study of the overall PFA performance combining the GS-HCAL & GS-ECAL will be considered in next step.
s« & OO I IOl EE
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The Scintillator data

I Composition Density Light yield Decay time Emission Price/1c.c
ypy P (g/cm?d) (ph/MeV) (ns) peak(nm) (RMB)
L. Ce-doped high Gadolinium glass("! 4.37 3460 522 431 ~10
Glass Scintillator
in Paper : :
Ce-doped fluoride hafnium glass!? 6.0 2400 234 348 150
BC4080B! ~1.0 5120 2.1 425 60
Plastic Scintillator
BC418BI ~1.0 5360 1.4 391 80
GAGG:Cel 6.6 50000 50 560 2400
Crystal LYSO:Cel! 7.1 30000 40 420 1200
BGOE®] 7.3 8000 300 480 800
Glass ng.tlllator for CEPC 5 57 >1000 <100 350-500 -1
(preliminaryl target)
Stuaus of Glass Scintillator ? >6 >1000 <200 350-500 ~?

[1] Struebing, C . Journal of the American Ceramic Society, 101(3). [2] Zou, W. Journal of Non-Crystalline Solids, 184(1), 84-92 . [3] Plastic Scintillators | Saint-Gobain Crystals. [4] Zhu, Y. Qian, S. Optical Materials, 105,
109964. [5] loannis, G. Nuclear Instruments & Methods in Physics Research. [6]Akapong Phunpueok, et al. Applied Mechanics and Materials, 2020,901:89-94.
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Impact of Number of Layers

Glass Cell Size  40x40x10 mm® N Energy Resolution vs. Layers T
NIL of Sampling 01252 | [ nipr 2% o e 1 3.1 Density =6 e’ Thickness =10 mm .
Layer " e B8 s s o
Glass Density 6 g/lcm3 - zsf b y ::2; i - .
Readout Threshold 0.1 MIP § b =+ Tmmemmmm
> The number of layers will only have an impacton & | © S —— :
the total nuclear interaction length (NIL), more N [
sampling layers can increase the total NIL and I T T 2.8 -
suppress the energy leakage, which improve the " rosipatce oo © B -
hadronic energy resolution and the BMR. umber offayers
 However, the volume of the GSHCAL itselfand  * £ I S
the outer solenoid and yoke, will increase s2 1 JeE
significantly with the number of layers, which £ ar 1 Eomt Elng:
also means a higher cost. Therefore, a reasonable = as- . 552“’2‘ j:i
number of layers should be selected to balance 36" 1 1=
the impact of energy leakage on the BMRand the o, . —_ G . . . . 3

cost.

B 16

The Number of Layers

Number of Layers




Impact of Glass Thickness

Energy Resolution vs. Glass Thickness

Total Number of Layers 40 . AT _

Transverse Cell Sze 400’ 13— (AN I S t

Total NIL 52 - 2 s ; _ 3:_ ;

Glass Density 6 g/cm?3 g 20; ;. B e | z:i i '

Readout Threshold 0.1 MIP g 1; + i 5 2.9 .

 Athicker glass cell is conducive to a higher o = - oel ;
sampling fraction, which can improve the L U S RVEL R S,

hadronic energy resolution and the BMR. Glass Thickness [mm]

* However, the increase of glass thickness will leac st B
to a thicker GSHCAL (significantly increasing .. = E
the cost) and poor optical performance 358 ERRS

:?3.57; ] ¢

=356 ERE-

 Hence, a reasonable glass thickness is necessary — sss: =

to balance the impact of sampling fractionand ;- ps )
optical performance on the BMR, as well asthe  ssf, oo T T

COSt Glass Thickness per Layer [mm]

e 17




Impact of Transverse Size

Total Number of Layers 40 3'8? | E
Glass Thickness 10 mm 3'75;_ _;
Total NIL 52 i3 E
g3.65:— =

Glass Density 6 g/cm3 % 360 E
Readout Threshold 0.1 MIP @ 3.55; _;

« Both the high granularity and the excellent energy 35— E
resolution are the key factors to achieve a good I
PFA performance and the BMR; A smaller O A nevene Gl Shefmml
transverse cell size will improve the efficiency to ac
separate close-by showers and is beneficial for a AU
better BMR. 2 0\ B

5 sl \ ]

 But the number of readout channels will also gt \\ .
Increase dramatically, thus a reasonable transverse 2 200 \ B
cell size is necessary to balance the impact of ° ok \ E
transverse granularity on the BMR and the cost of - — :

[ 1 | L e

the readout channel T R T TR I

Transverse Cell Size [mm]

BB 18




Impact of Glass Density

Total Number of

Layers =
Glass Cell Size 40x40x10 mm?
Total NIL 54
Readout Threshold 0.1 MIP

» The glass density is an very important factor to achieve
a good BMR and compact detector design ; the glass
thickness will decrease with increasing glass density,
thus the GSHCAL will be significantly more compact
and significantly reduce the cost. Meanwhile, a more
compact GSHCAL can reduce the impact of the
confusion term and improve the BMR.

« Nevertheless, the increase of the glass density can
degrade the scintillation performance, which will
worsen the BMR. Therefore, a reasonable glass density
should be selected to balance the BMR and the cost.

B 19
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Energy Resolution vs. Glass Density
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