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Motivations

* A novel concept of PFA HCAL with heavy scintillating glass tiles

* Major motivations
* Higher density provides higher energy sampling fraction
* Certain doping to enhance neutron capture: improve hadronic response
 More compact HCAL layout (given 4~5 nuclear interaction lengths in depth)

* Geant4 full simulation established to address key issues

* One model for a full hadronic calorimeter
* To study hadronic energy resolution of single particles

* Another model of optical simulation for a single glass tile

* Essential to guide R&D activities of heavy scintillating glass

» Key properties: density, components (doping), intrinsic light yield, transmission,
emission, decay time, etc.
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e Simulation of scintillating glass for HCAL
e Scintillator HCAL: setup in Geant4 simulation
* Preliminary performance comparison
* plastic scintillator
* scintillating glass
* Hadronic energy resolution of HCAL with Scintillating Glass
* density, Gadolinium concentration, energy threshold, timing cut, light yield
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HCAL: setup in Geant4 simulation

HCAL geometry

* Transverse plane: 108 x 108cm?
* 60 longitudinal layers, each with

- Scintillator: 3mm
- PCB: 2.1mm

- Absorber (steel): 20mm

Scintillator materials
e Plastic scintillator (polystyrene) as baseline reference
* Scintillating glass: 25Si0, — 30B,0; — 1041,05; — 34Gd,05:1Ce*
density = 4.94 g /cm3 By Sen Qjan

Note: HCAL with 40 layers in CEPC CDR as baseline.
b 1Y 21 8 2l g L 1R e LY Hereby use 60 layers to evaluate leakage effects
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HCAL: evaluate leakage effects

Energy Resolution

—~ 40

B\O |

S — * * 37.47°/o

o [ : 108*108*60layers, ===t @ 4.13% x*/ndf=21.69/9 .
T N E * Geometry size

- _I_ 540"540*300layers, 38:88% @ 3 10% x?/ndt=28.22/4

VE e Baseline: 108cmXx108cmXx60layers(~1.5m)
5 5 e |deal: 540cmXx540cmx300layers(~7.5m)

* Incident particle: kaonOL (1-100 GeV)

* The impact of shower leakage to energy
resolution in the 60 layer is estimated
(1% level)
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HCAL: plastic scintillator vs scintillating glass vs BGO

Energy Resolution

g? : ic Scintillator. 43:70% & 1 65% y2/ndf=5. _ . . .

Sty 455___E ................... —F——  Plastic Scintilator. 3£4°/®1 65%x2/ndf=5.66/9 . Prellmlnary performance comparison
40;_E """"""""" e SC'nm'a“ngGlass'41 f/ o hamminala e * Same thickness of sensitive materials: 3mm
35E— ; B:ao’ _ e 68'2?6’)(2/”&:15'855!9' * No energy threshold applied
305_ d ........................ R R e o N R A S T e L e N S TMTRX T S, ey g o e T o i T T o . ° Scintillating gIaSS: better hadronic energy
255_ ................................................................................................................................................... reSO|utionin Iowenergyregion (<3OGeV)
TEW A ISR * Note that majority of hadrons in jets at
155_" ........................... ........................... ...... CEPC are With IOW energy
10__..:, ....................... ...... .

- , , , , * Further issue: constant term
5 5 : l
- o A A : ‘ (g')gv, * To be further understood
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Impact of Gd concentration to hadronic energy resolution

* Varying Gadolinium concentration, fixed density Baseline reference (Gd concentration = 1) :

* Incident particle: kaonOL (1-100 GeV) 25S8i0, — 30B,05 — 10Al,05 — 34Gd,05: 1Ce™
* Energy threshold and timing cut not included

Energy Resolutlon Gd concentration=0.5 _ 4
g 80 i —— - ] 0.5 : | : Gd concentration=1
o [ i #Gd concentration=0.5, &@5/" ® 3.04%, X¥/ndf=3.49/9 - G sarcartiationed s
C o X T Gd concentration=1
35 PG g . . X (=) 0.4
C L #Gdconcentration=1, 33:14% @ 4.29%, ¥/ndi-13.61/9 £ r T Gd concentration=2 _
o — VE - I Gdconcentration=1
0 EEE ISR . Q -
e | T 35.80% O 03—
Co S #Gd concentration=1.5, T" ® 4.84%, ¥?/ndf=11.24/9 (- C Reference: Gd concentration=1
i) S| R " v - =
E — #Gd concentration=2, % ® 5.31%, }?/ndf=22.23/9 é ' E
20 . ................... D 01 __
-\ : v r
15—y i = F
' : < =
© °F
10 v
& o1
5 , -
_0 2 C ‘ 1 1 | | 1 | 1 | | 1 | I 1 | 1 I | 1 1 I
0 20 40 60 80 100 : 0 20 40 60 80 100
Ebeam(GeV) Ebeam(GeV)

Increasing Gd concentration can improve the constant term, but the Stochastic term remains to be further understood.
In general, the hadronic energy resolution is insensitive to the Gd concentration.
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Impact of energy threshold to hadronic energy resolution

25510, — 308,05 — 10Al,05 — 34Gd,05: 1Ce* |

Energy Resolution

§‘,im 45 ;_ """"""""""""""" {_ Energy Threshold=0MIP, %E_/ ® 4.29% y2/ndf=13.54/9
sl s 2 | e Varying energy thresholds
- —j_— Energy Threshold=0.05MIP, 7E_0 ® 4.33%,x/ndf=14.82/(9
35:_‘ Energy Threshold=0.1MIP, %7_:'—’7’@4.54°/n,x2/nd1=15.56/3 ° InCident pa rtiCIG: kaonOL (1‘100 GeV)
30 :— -------------------------- - + Energy Threshold=0.25MIP, %EE% ® 5.50%,x/ndi=15.29/9 e Timi ng c ut not included
25 f—\‘ + Energy Threshold=0.5MIP, &‘,ES% ® 6.26%,)C/nd{=22.52/9
C i : : :

* Higher energy threshold leads to
worse hadronic energy resolution.
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Impact of timing cut to hadronic energy resolution

| 255i0, — 30B,05 — 101,05 — 34Gd, 05: 1Ce* |

Energy Resolution

g;w 4512:_ —F— <t00ns, %@3% ® 6.74% x¢/ndlf=18.74/9 |

o 4 <eoons,  A13% 6 6.35% /ndi-24.90/9 * Varying timing cut

<E ] <soons. AEResrewnd-24520|| e |ncident particle: kaonOL (1-100 GeV)
= — | < A | |

303_\ e 34?90/@5‘44/”‘2’”“ W%« Energy threshold not included

255_1\ + <5 ps, -T°@4.51%,x mdf=12.67/9-
S\ <10 ps, &‘{_9%@4.26°/o,x2/ndf=9.69/9

o | ; * Smaller timing cut leads to worse
- N\ T without TimeCut,&{g% @ 4.29%x%/ndf=13.54/9 _ 8 .

B SR\ NG hadronic energy resolution.
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Impact of light yield to hadronic energy resolution

* Incident particle: kaonOL (1-100 GeV) [4251’02-5Al203-2ZBaF2-9NaF-3CaF2—3Gd203—9GdF3-7TbF3 J
References: https://doi.org/10.1016/j.jeurceramsoc.2021.05.064

* Energy threshold and timing cut not included

Energy Resolution Light yeild vs Stochastic Term
9 | = b 39.64% 2 e ) T OMPTheshold
t;TEu a0 ‘ ——4—— Lightyield pnMIP, 323% 0 5.05%, 'nct=26.729 R oup s
I iahtvi 39.37% o0, W2t 0.1 MIP Threshold
= Lightyield 5ph/MIP, \E ® 4.96%, x“/ndf=34.18/9 E 4 e —
: & ] 38.96% - o ! 0.3 MIP Threshold
35 Lightyield 10phMiP, 28:98% 6 4 ggvs, 1¥/ndf=28.08/9 Joi - ®  osrpTeeed
. . O * ccwnite oy re
Lightyield 15ph/MIP, 3—8:3;—/ ®4.96%,3%ndi=32308 | | O i
- { 3 — [—
30— ; Lightyield ZOpNMlP.% ©4.94%,22ndl=34119 | | 405 —
C ‘ T Lightyield 30ph/MIP, 38:84% @ 4 999, 4?/ndf=35.55/9 6
L 1 \E o
o 38.76% 2 =
\ Lightyield 40ph/MIP, 38:26% g 4. 999, y2/ndf=41.05/9
05 \ | ghty p IE x wo40—
I 10, —
- 1 Lightyield 50ph/MlP,3—*3~",9:—/° ® 4.95%, %/ndf=39.90/9 O
20| Lightyield 70ph/MIP, % ® 4.95%, 1¥/ndf=31.85/9 B
= Lightyield 100ph/MIP, 18—)%5-"1 ®4.95%, %/ndf=33.83/9 39.5 i
Lo
15 ‘ I Lightyield 200ph/MIP,-38—f£% ® 4.96%, 2/ndf=34.17/9 I
- ¥ ] Lightyield 300ph/MIP, 38:89% g 4 969%, y2/ndf=33.50/9 |
. ) iE 39 .
10— 4 ey pssipeplathace, e S o e
L —, P ~
E T | 5]
> o et s ot o e e e P S o a1 o e i om AT YT A NN NN Y N Y S oo b by by
0 20 40 60 80 100 0 50 100 150 200 250 300
Epeam(GeV) Light yield[p.e./MIP]

* Increasing light yield can not significantly improve hadronic energy resolution.
* Factors affecting hadronic energy resolution
* Intrinsic hadronic energy fluctuation and sampling fluctuation (dominant)
\ * Photon statistics fluctuation(non-dominant) By Lishuang Ma
‘-’«5 * Prospect: higher light yield would help achieve lower the energy threshold 11



Light yield vs Density

* Incident particle: kaonOL (1-100 GeV)

* Energy threshold and timing cut not included

Light yeild vs Stochastic Term

428i0,-5Al,05-22BaF,-9NaF-3CaF,-3Gd,05-9GdF;-7TbF;
References: https://doi.org/10.1016/j.jeurceramsoc.2021.05.064

T O t  density 4.3 g/cm’
£ density 6 g/cm’
g ¥ ¢ density 7 g/lcm®
L - 5
£ o . | |
s - | |
38 f— ,
~ \+ . \+)f{k/,
37— 1 i
—_9' { 1 | { | ‘ | 1 | ‘ 1 1 | | 1 | I 1 | | I |
3

0 50 100 150 200 250 00
Light yield[p.e./MIP]
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When density increases to 7 g/cm3 from
6 g/cm?3, the stochastic term only
improves <1.5%.

Considering the constraints of light yield

in glass R&D, we initially set the target
density as 6 g /cm?.

By Lishuang Ma



* Motivations

e Simulation of scintillating glass for HCAL
 Scintillator HCAL: setup in Geant4 simulation

* Preliminary performance comparison
* plastic scintillator
 scintillating glass

* Hadronic energy resolution of HCAL with Scintillating Glass
* density, Gadolinium concentration, energy threshold, timing cut, light yield

* Optical simulation: a single scintillating glass tile
* Cosmic ray measurements of a scintillating glass tile
e Summary
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Optical simulation: setup in Geant4

* Geometry setup
* Scintillating glass(4.5x4.5x3.5mm?3, ESR wrapping)
* Coupling agent: Air 1GeV mu- |
« SiPM(6x6 mm?)

* Properties of scintillating glass
« Component: 255i0, — 30B,03 — 104l,05 — 34Gd,04: 1Ce™
* Density: 4.94 g/cm?3

1 GeV mu-

Transmission spectrum emission spectrum

* Refractive index: 1.67 o o
* Transmission: 63% . f_’\f }/\_\
B . :,' 120000 j “.

* Emission peak: 394 nm  « -= ;
* Light yield: 881 ph/MeV | :
Based on the data of the 10 . /
( L _J
measu rements by Zhehao Hua) 200 300 400 500 600 700 800 900
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Optical simulation: MIP response

* Incident particle: 1 GeV mu- (regard as MIP particle)

Deposited Energy Detected Photon
h1 h2

- Entries 10000 1000— . Entries 10000
1209 Mean 2.362 - Mean 73.43

- Std Dev 0.6476 i Std Dev 21.98
1000 X2/ ndf 16.06 / 14 8001— X2 / ndf 398 /19

) Prob 0.3095 - Prob 0

. Constant 6788 +105.5 = ‘ Constant 4078 +63.6
800 MPV 2.013 +0.003 - | MPV 62.85 +0.14 |

B Sigma 0.1167 +0.0016 6001 — Sigma 5.72 +0.09
600[— -

B e 400—
sool Energy deposition: - Detected photons at

- 2.0 MeV/MIP - SiPM: 63 p.e./MIP
" 200(—

0_\ | JJ—I | | I | | | I I L I—L—L L \_I. I S | |_L L1 07| ‘ L | I_J&I_L I 1 |
2 3 4 5 6 7 8
£ Mev) 50 100 150 200 250
DY 2l ik a2 I 1D e X
! LAY ('} L) B g4 78 PY AU T
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* Motivations

e Simulation of scintillating glass for HCAL
e Scintillator HCAL: setup in Geant4 simulation

* Preliminary performance comparison
* plastic scintillator
 scintillating glass

* Hadronic energy resolution of HCAL with Scintillating Glass
* density, Gadolinium concentration, energy threshold, timing cut, light yield

e Optical simulation: a single scintillating glass tile
e Cosmic ray measurements of a scintillating glass tile
e Summary

2021/12/15

3 tRHEUL R G RURA

Institute of High Energy Physics Chinese Academy of Sciences

16



Cosmic ray measurements : setup

* Scintillating glass: #7

*Sdmmatmg s * 4.5x4.5x3.5mm?3, ESR wrapping
E iy +  SiPM: $13360-6025PE(HPK)
 scinti * 6x6 mm?, 25um pixel pitch

Plastic scintillator

SiPM * Bias voltage: 57.57V
. :!PCB * Coincidence with two plastic scintillator(1x1 cm?)

\ 4
. ] ] Entries 10000

i Mean 186.8
"7| Std Dev 74.7
Underflow 554
i Overflow 7
w2/ ndf 34.27/35
Prob 0.503

i  Constant 2763 +45 |

| Mean 182.7 + 0.3 .I
Sigma 20.54 +0.31
) - iR U Pt et ST . VS E IS
0 100 200 300 400 500 600

Single photon calibration
(dark noise)

B o4 b db1? 242 4y
Jf (V~\ G5 L {ac 4~ h Mdb /’(
2021/12/15 17
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Cosmic ray measurements : typical events

e DUT: scintillating glass cube + SiPM (blue pulses)
e Trigger: 2 sets of plastic scintillator tile + SiPM (red pulses, green pulses)

Trigger scheme: auto trigger : Trigger scheme: 3-fold coincidence
(threshold fixed at -50 mV for DUT)

800 200

o ptg vk, Mre it S kit fon e T Shenetagle F it 0.0
-v.-n i S A A S it o o 0.0

DUT threshold -30 mV
Trigger threshold -15 mV

s
i B EY | o @ | wR O e EsiE s Taam @ CEE

i) 2l ¢ a2 In S 1P 20 4

Vi ’} ‘ N e L) B {778 NG T
RNFVAS :;-f’:"
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The results of cosmic ray measurements

* Trigger scheme: 3-fold coincidence

Charge Hist Scaled ChA
= Entries 474
3 = Mean 244.6
E [ /\ Std Dev 124.3
< 50 Underflow 0
— Qverflow 0
- x?/ naf 13.61/16 Scintillating glass
40~ Prob 0.6277 SiPM
- Constant 306.2 +28.0
B / kt (MPV 273.8 +3.3|
30 / Sigma 19.19 +1.65
| Plastic scintillator

SiPM

f|—| . - "/ ]
| r ﬁ\ | MPV =273 p.e./MIP |

107 b LP‘\LQﬁ
07| L1 | | | | I T L1 | | L | _’_'*:""!— —+ et | 1

0 100 200 300 400 500 600 700 800 900 1000
P.E.

20
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Summary

* A novel HCAL concept with high-density scintillating glass
* To improve hadronic energy resolution, especially in low energy region

* HCAL performance in simulation
* Increasing density of scintillating glass does not significantly improve energy resolution
* Hadronic energy resolution also depends on energy threshold and time window
* Increasing light yield cannot significantly improve hadronic energy resolution

e Studies with a single scintillating glass cube (size in mm)
* Performed Geant4 optical simulation and cosmic-ray tests

* Plans and prospects
* Considering the complexity of glass development, we initially target the density of 6 g /cm3
 Light yield with a single HCAL tile (size in cm): simulation and measurements
* Higher light yield would help achieve lower the energy threshold
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HCAL: sampling vs homogeneous

Resolution of Energy Resolution of Energy
ST —+ sampling, &\{E?% ® 4.13%x¥/ndf=21.69/9 S E + Threshold=0MIP, %8-E7°—/° ® 3.95%)/ndf=479.4/9
S Sy 15.87% - - o Threshold=0.05MIP, 12-00% g 4 55% y?/ndf=390.1/4
- —t— homogeneous, VIE ° @ 3.94%,x%/ndf=479.4/9 5] g — = IESNOI0=0: e N rob o R
30 __ ........................... ........................... ........................... ...... B Threshold=0.1MIP, 17_‘%7% &)5.21°/o,x2/ndf=345.0/9
o : : : : : U e 0 -
25:_ ___________________________ ___________________________ ___________________________ ______ - —t— Thresho|d=o.25M|P,&\{E4/°@e_sg%,xz/ndf:seg.?/e
oo 15: Thresnold-0.5MIP, 21:26% & 7.89%./ndi-437.9/9
- "No Energy Threshold™ B 5 5
T ORI S NN MR .
5 T .....
B | 1 | | | 1 1 | | 1 1 | | 1 1 1 | | 1 1 |
0 20 40 60 80 100 0 20 40 60 80 100
Ebeam(GeV) Ebeam(GeV)
Sampling — Homogeneous Homogeneous HCAL is sensitive to
Steel — Glass energy thresholds.
/""0 i 20 ok 2 2 L A 12 e i P2
R ’) P V9O 78 (L) 8 7978 P U T
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HCAL: Tiles time & energy distribution

e Birks’ constant, energy threshold and timing cut not included

* Incident particle: kaonOL and e- (10GeV)

IOQIO(TTile/ns)
H

3.5

kaonOL

10 Tile/ns)

log, (T

Scintillating Glass

0 1 2
Iogm(Eme/MeV)

10°

10'

ile/ns)

log1 0(T

Iog1 0(Tm/ns)

Plastic Scintillator

4

AJLI LI L L L L L L L L ) L
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E. 10
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Impact of density to hadronic energy resolution

* Varying scintillating glass density, fixed component
* Incident particle: kaonOL (1-100 GeV)

* Energy threshold and timing cut not included

25510, — 30B,0; — 10Al,05 — 34Gd,05: 1Ce* |

Energy Resolution _p=4glem3
. 0.35 p=4.94g/cm3
0 - . _ : - -
T 36.35% o v2haclf - ; : : T p=6g/cm3
o T T —— 4 20997 @ 4.58% =7.37/9 | Eo ; : : -
ke " p=g/ems; G e T (Tic| o SO SHRERES. SN SRS YRS SR T =4.94gicm3 1
= s == : 3 : 7g/cm3
i I 33.14% o . C ik P=/9 )
P ——— P-494giom3, S22 @ 4.20%, x(Indf~13.61/9 0251 T 5494g/cm3 |
] —_ o _ 0_2:— .
30: p=6g/cm3, 35.\(2E6 % @ 3.78%, y2ndf=12.50/9 - reference: p=4.94g/cm3
o5 :_ o _ 0_15i_ .....................................................................................................
- T p7g/em3, 28:75% 3529, x¥ndi=16.95/9 =
- VE T |l LA O ECR e SR ok TR TR PRMES: o [ERERAE JRCHCRb . SR SO eI e ot ] C ¥
20__ ........................................................ ........................................................................................ -
C 0_05:_ ................................
g (o . PN NV ORI S ........................................................................................ E
- O—
10:_ ..................................................... ........................................................................................ 0.05
L T o ‘ ....................................................... 0.1
: | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | —
0 20 40 60 80 100 100
Ebeam(GeV) Ebeam(GeV)

* Increasing density can improve the constant term, but the Stochastic term remains to be further understood.
* In general, the hadronic energy resolution is insensitive to the density.
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