New ideas from the Topical Workshop
for CEPC Calorimetry

Yong Liu (IHEP)
CALICE Collaboration Meeting, Utrecht
Apr. 10, 2019

09.04.19 Yong Liu (liuyong@ihep.ac.cn) CALICE Collaboration Meeting at Utrecht



" Introduction

* Topical Workshop on the CEPC Calorimetry
* March 11-14, 2019
* https://indico.ihep.ac.cn/event/9195/

* ~45 participants (and via remote connection)
e From China, France, Germany, Italy, Korean, US

* The first workshop: dedicated to CEPC calorimeters
* Cover a large range of options: PFA-oriented, crystal, dual readout

* Fruitful and in-depth discussions
* Motivations, (expected) performance and validation, pros/cons, cost, occupancy, etc.

* General impression: very positive feedback from many participants
* Will concentrate on new ideas/designs in this talk
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&, Crystal calorimeters Ren-Yuan zhu (Caltech)

CMS Forward Calorimeter Upgrade

* Overview
* Not included in CEPC CDR
e Optimal intrinsic energy resolution A
e <3% /\/l_f achieved for electrons/gammas ‘I’s“s:‘e"s’:dﬁs“"h"i‘s‘:'
* Many successful HEP applications since 1975 oo

e Nal (Crystal Ball), BGO (L3), Csl (BaBar, Belle, BES3, CLEO...), PbWO .
(CMS) (T;Z Roado ' Is:Radiationhardness

With longitudinal segmentation of the photo-detector

e Future crystal calorimeters in HEP
* LSO/LYSO for COMET, HERD, and HL-LHC ;
« Csl and BaF2:Y for Mu2; PWO for PANDA CVS Hermetic Timing Concept

* CEPC requirements: not as stringent as HL-LHC
» Response time, radiation hardness

* Widely open for innovative designs

BTL: LYSO/SiPM

* To be compatible with PFA?: high granularity + optimal energy BT technology choice - SIPM/LYSO :
. = Timing performance <20 ps with MIPs in PET crystals.
reso | UtIO n - Radiafitr:n hardness estab’l)ished at the requireds;evel‘

= Extensive experience with this technology.

= Cost effective mass market components
D) tio Ren-Yuan Zhu, Caltech, at Institute of H nergy Physics, Beijing, China
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Crystal calorimeter for CEPC

» Electrons

* Physics motivations

10000

] e e

* Electrons’ Bremsstrahlung: energy recovery S oo I e
. . % Electron Track

e Improve angular resolution and gamma counting Z 00 Ap/p tail ~1-2%

(two tracks)

* Performance requirements to be fixed (quantitively)

* Cost estimate: crystal raw materials

Talk from
* PbWO crystal for CEPC ECAL: ~131 MS —

e Christopher Tully

¢ ~12 m?3for 1 barrel, ~¥4.4 m3 for 2 endcaps

« Based on the unit price $8/cc for PbWO (volume at 10m?3 level)
e 24X0 in total, R=1.8m, Z=4.7m

* Other possibilities

EM Resolution and Photon Counting

» EM Resolution also improves angular measurements
and resolves Ny counting

» Recoil photons (~8% of full Vs collision rate)

400 i_ 4 Data L3| ft yZ (lnv) L3
. . [ N, =4 )/Z Y4 = €€ [ mproved Sys
* Use crystal for barrel only: radiation and cost ool T 0 \ T sm) " Bondeh
H < =) éu e'e” = vi(y)

 Smaller radius for ECAL: e.g. R=1.5m (no TPC) ) S

1 100 0 \/‘\5\%;\ _— e'e” = Vi)
* Several new designs proposed for CEPC ECAL e T

’ SIO Rec;i; :\/l‘;g‘ss ‘(G‘e\‘;)éO o 160 1é° 11'“\)? (Gel/‘s)0 1é° 2270

» New Physics Searches and Neutrino Counting

o8 E. Bartos et al., “2y and 3y annihilation as calibration processes for high energy e+e- colliders,”
https://arxiv.org/abs/0801.1592
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\:'\:"\;‘::;, A ol ° . °
‘~=® Crystal calorimeter: new designs for CEPC (1)
| Christopher Tully (Princeton), Sarah Eno (Maryland)
* Comprehensive simulation studies in Geant4
e 2 timing layers: LYSO and SiPMs (TOF + tracking) Segmented Crystal Calorimeter Module
» 2 ECAL layers: PbWO + SiPMs - Timing layer: ;{3:;;:33 P+ tacking
* Impacts to energy resolution - sius mmfacﬁvece”
* Dead materials: readout boards, cooling, cables e S
e Sub-detector in front: tracker
< 5%/sqrt(E) (+) 1%
° PhOtOStatiStiCS from S|P|V| . ECAL layer: ~30 ps timing achieved for.?T>40GeV
. o PbWO crystals / —— '
* Calorimeter: other performance " roar segment for 6o shovwer ]
. . . .« . . o (15cm ~16.3X,)
* Single/pair EM showers, discrimination > 10x10x200 mm of crystal
* Timing layers =
. . . Front segment with SiPM in front and
* LYSO bars: ~20 ps timing resolution 6 car segment with SIPM on back
e Time-of-Flight: Particle ID performance
* Potentially compatible with PFA
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X

. Crystal calorimeter: new designs for CEPC (2)

* Design: PFA homogenous ECAL
* Silicon layers: positioning (high granularity)
» Crystal layers: optimal energy resolution
* First simulation studies in Geant4
* Energy sampling fraction >90% (with crystal)
« Stochastic term from energy fluctuations <1%
* Also investigated the performance (trade-off) when using
some absorber for a more compact design
* Open issues: worthwhile for further studies
* Photostatistics from SiPM, crystal-SiPM coupling
* Impact from dead materials (e.g. between layers)
* Longitudinal sampling frequency
* Transverse granularity in crystal layers

Yong Liu (IHEP)

High-density lead glass (~6g/cm?) can be an
interesting cost-effective option
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Crystal calorimeter: new designs for CEPC (3)

. . Junguang Lv, Zhigang Wang (IHEP)
* Option 1: crystal tiles + absorber

[ 1 . - . B (?
Cost estimate: 0.7-2B CNY; expected performance: < 6 % /1/E° MC simulation studies: not done yet

* Option 2: C.rVStaI blocks necessary for performance/optimization
- Cost estimate: ~1.2B CNY; expected performance: <4 %/\/E?

Option 1: Sampling ECAL Option 2: Segmented crystal ECAL

- - Sensitive Unite(SU) Readout unit:

PbWO4 crystal : 10mmx10mmx22mm
1.5mm/W+2mm/PS+SiPM , 60 layers SiPM: 6mmx6mm, 5um pitch, PDE>10%
PS:  10mmx10mmx2mm - 10 layers

H . H 0,
SiPM: 3mmx3m, 5um pitch, PDE>10% The linear range of SiPM: 4.8 x10° pe
dE/dX of MIPs in =22.4MeV ~ 150pe?

Two or three even six SU connected

together to readout as one channel 5 X £ 13 9108 MIP
_Read Unite (RU) :::::::::::::: ynamic range ot Is 1-5.2X S

Reference : CMS PbWO4 ECAL

Cost

-mEm m m m m om = om SiPM, 3mm X 3mm, 15¥ /piece. Electronics: 100 ¥ /channel ?
- =m = = - - . = = 30 RL ~20 M ch ~ 2 billion ¥,

- EEEEEE- 20 RL~13 M ch ~ 1.3 bilion¥,

10 RL ~6.7Mch ~ 0.67 bilion¥

2 (2007) PO4004

=== : Tot: 10X22mm(25 rad. length)PbWO04
— — Expected energy resolution +10X8mm /Electronics 5 Tour ™ e
N e 28% o 12% oo
e oE/E < 6%/\E(GeV) ? E  JEGevV)  EGeV) ™
Tot: 90mm/W + 120mm/PS + 90mm/Electronics Need detailed MC study Cost o Expected energy resolution:
Crystal:55/cc? 1.46X107cc ~0.51 billion’¥ E/E < 4%/\E(GeV) ?
Sampling fraction and light output are much higher than the Sci-ECAL in CDR, Electronics, 6.6Mch  ~0.66 billion’¥ OE/ES B ev):
necessary to get a good energy resolution. Total: ~ 1.2 billion ¥ Need detailed MC study 6

09.04.19 Yong Liu (liuyong@ihep.ac.cn) CALICE Collaboration Meeting at Utrecht



), Crystal calorimeter: new designs for CEPC (4)

* Design: crystal bars

* Read out at both sides: precision timing

 To reduce #channels

Crystal Scintillator (eg. BGO, LYSO...)

i
7

| 1x1x40cm
\ Photodetectors (eg. FPMT, SiPM...)

|

* H#channels: ~1.4M << 25M (Si-W ECAL) =
e Simulation studies

» Separation of multi-particle showers

iy

* Physics requirement of separation (2 or 4 jets)

* Energy portion of 7%in jets

« 70 - yy at different energy

» Timing resolution: 1x1x40cm? crystal bars

* Hit-position dependent
e Double-ended readout: 5 - 45ps

 Effective position resolution: ~7mm

Mangi Ruan, Yuexin Wang (IHEP)

40C,n

R

e

Strips vertical to adjacent layer
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Summary

* Crystal calorimetry designs proposed: to be compatible with PFA

* Major open issues: to be addressed by further simulation studies
* Longitudinal segmentation: number of crystal layers
* Impact from dead materials: especially active cooling plates
* “Digitizer” in the CEPC software: statistics of scintillation photons and SiPM

* Seeking funding support for further R&D studies: currently under discussion
* |n the framework of MOST: 2020 - 2023, for both CEPC accelerator and detectors
* Aim: technically prepared to build the accelerator if green light is granted in 2023
* To promote wider and deeper international collaborations

* Discussing to have another topical calorimetry workshop: welcome wider participation



Additional Slides
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SegmentEd crystal calorlmeter Christopher Tully (Princeton), Sarah Eno (Maryland)

T1+4T2 E2

e Services required: 0.8X, 5x 15X, .. .
o  FEIASIC for read-out — PCB material Dead Material including Tracker

o) Cables | Tracker

e Space allocated:
o 5 cmin front of crystal timing layer T1 (for T1 read-out) Neg"glble degradation up to 10 mm Al ] 12m, 0407, S b %

Segmented Crystal ECAL + Timing

’ HCAL

X T"’z £ Effect more pronounced below 1 GeV
o 10 cmin front of crystal ECAL E1 :TT : — Aoomm
m  5cmfor T2 and 5 cm for E1 — cooling plate may be shared = Al 100 men é
. w Al 20.0 mm
o 5cmin rear of crystal ECAL E2 (for E2 read-out) = = Al 400 mm
1 - ‘OT = -
e Material budget: :
. g . [ 5cm spacmg
o Realistic cooling plate ~3 mm Al — 0.035 X, Smm A o.ossx3
cooling, services
o PCB~2mm, +cables,et¢c [~ -~ A e— - - —
. : 1= S . 1A 1A 1A, 5\
o total: 0.056 X; (5 mm Al equivalent) for each layer E ~ ~ 0 ) 0 o
o Scanupto O_5XO / layer 2 layers 2 layers 4 layers 11 layers
107" ‘ - )I B ‘10 - “”10’
Beam energy [GeV] era
e Study impact of tracker material budget in front of 12m. 0107, S 0.8%,
. . . ) ) SC-E(P)CAL
Shower fluctuations only Total (including photostat.) Stochastic term vs dead material e Material budget: HI
51 —memmegE i iEsom ol T 5r o Realistic material budget ~0.3X,?
w W > — Total resolution o Scan upto0.7X,
= = o um: (eye' = . O 20 Photostatistic . oy .
g N S e oo gﬁ ‘ = " ... Shower fuctuations Negligible Fmpact on energy resolution 2
°o © @ L . Shower fluctuations only . g
10 10 Wl £ B £} — ot resolution s
F w r 8 1 TR0 03 3 = Photostatistic £
- \ o é . =54 o | Stower ctmons i
L = ;:1 ) %“
13 \ 3 TN
: % F A|zo‘°mm o:(E)/E 1m/($mooy. \\-
L L L L ; AI‘DOmrrll o (EVE 12.4% /VE ©0.0% 1 [ el 0080
10" 1 10 107 o T % 005 01 015 02 025 03 035 04 045 10 ' Bear‘";enem[s'&] o racker material budget [X0]

0
Beam energy [GeV] ! Beam enerqy [GeV] Dead material [X0/layer]
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Segmented crystal calorimeter

Marco Lucchini (Princeton)

Channel count and cost estimate

‘ T1+T2 (TIMING) ’ E1+E2 (ECAL)

Area barrel 53 53
Area endcap 19 19

' Total area (barrel+endcaps) ‘ 72m? 72 m?

. # Channels barrel 977k 859k

. # Channels endcaps 344k 374k
Total # of channels (barrel + endcaps) ‘ 13M 12M
Crystal cost 10 M€ 78 M€
SiPM cost (+monitoring for ECAL only) 8 M€ 8.5 ME
Electronics cost 5 ME 4.5 M€
Cooling+power+mechanics cost 5 M€ 5 M€
Sub-total cost (barrel+endcaps) 28 ME 96 M€
Total cost (barrel+endcaps) ~124 M€

Geometrical assumptions for
cost estimate:
o Barrel
s Radius=1.8m
m  Length=47m
m  Area~53m?
= Pointing geometry —
saving ~20% channels

o Endcaps (x2)
= Innerradius=0.3 m
m Outerradius =1.75m
m  Area~19m?

Details of the cost estimate here

Summary

Channel count in S-CEPCal is limited to ~2.5M

o 625k channels/layer

Cost drivers in TIMING layers (tot ~28ME€): /

o 35% crystals, 28% SiPMs, 37% electronics+cooling+mechanics

Electronics
Cooling

Mechanics Crystals

SiPMs

Cost drivers in ECAL layers (tot ~96ME€):

o 81% crystals, 9% SiPMs, 10% electronics+cooling+mechanics

Power budget driven by electronics: ~74 kW
o 18.5 kW/layer

Electronics, Cooling, Mechanics

SiPMs

Crystals

Room for optimization of the detector performance vs cost

Yong Liu (liuyong@ihep.ac.cn)

12




PR
R
=i

~ Calorimeter with crystal bars Mangi Ruan, Yuexin Wang (IHEP)

Physics requirement of separation Proportion of different energy m°

Z->q9 (2 jets) qqH=->bb (4 jets)

77% 70% .
08 . o — 56eV—— H
F 0.7F . i < S |206ev “
[ S - 3 @ (<] .
| b - o 1 S = 10F
0'7: 0.35¢ - - o ‘?’1-\_‘ E 5 10p 2 ) 10
- E 0.6 04 1 Ty - [ 2
E oaf / o Eo 2 g
06F ; s ossE- ok e = 2 2
F —n.zs:- \ 05 KE T F - ] 5 4 . x ,
05 S oz 4% - SozsE L ! 3 \\H“\LL 2 g .
[~ < [~ < F = [ 3
T E oot 2 Soaf- 24% e RN I 5 pzee
504 o =R o1sE 10°k i : . | "
< | F | < [ o1 10 3
= /
03[ ocef / 03— 008 T i 0T Larger Energy of Photon (G3V) oo N Larger gy of Phoen {411
E . ST W o 3 ; : 1 |
02 :_ ; / ¢ ? mnb«:?lihalarsn!‘rcc«lmu!g:aw s 0‘2:_ 16% o3 © Numbor o ghotons in 1o cllwits 3 partes ~ &
E 13% B
E o qqH -» X
0.1}~ 0.1~ .
r 10% E 14% ! [BBeeV—— “f
E r % [206ev B . e —X 2~
P PR Y A I B T B L ] ¥ 2 i > > >TT
0 2 4 6 8 10 0 2 4 6 8 10 i S 1o B bl a
Number of particles in a 40cmx40cm cell Number of particles in a 40cmx40cm cell ‘LLL ! £ o o o .
wh " Er > 20GeV 0.42% 0.66% 149%
> 1‘1. E
i’ 3 . e )
SOF x\\\ 2k Er > 35GeV 0.02% 01% 1.85%
< -
Charged + Charged o e 3 i i o
—> Tracker | & Ey < 0.2GeV 45% 42% 7.8
Charged + Neutral S 1ok - -
5 ‘2,,5,‘;5}?&& w4550 o LargerEr;srgyolPho(on [é%v]

Neutral + Neutral —> Only Calorimeter

Y + Y ( more than 80%~85% decayed from % -> Reconstruction of w°
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Calorimeter with crystal bars Mangi Ruan, Yuexin Wang (IHEP)

° =» yy at 5GeV Time measurement

Evi 21 with 0.1MIPs cut Evi 21 wih 0.1MIPs cut Evt 5 with 0.1MIPs cut Evt 5 with 0.1MIPs cut
24 . P ood = 4 400mm .
o e D L i . ty I | = e
£ 2af L] : L] £ 20| ammms 8 . £ ) § ) sssEma & BGO IEI_I_IOmm 100: ®  pum2
¥ L Sl S W i i i " EE N N I A Combnason of PMTY & PMT2
B = . 1 i == X L TR ol
L w8 1 mmmn— 1 d d L= S ] scan/20mm [ .
L N (A TR - 7 Tt
i BEELOFL == O L, menO%w) | R
=1 . man 3 e - 3 : 200 160 120 80 40 0 40 80 120 160 200 Z(mm) . " .
e Joi g e I B gw A
EV121 win 0.1MIPs cut ! .
Parameter Value 20 » Reflectivity=99%
—~T T S I
T KR L e it 2.59¢V (480nm) oo 4150 -100 50 0
Photon Encrgy Position of incident particle [mm]
VS 3 A () 7eV (420-55 f
ot e 0.6987¢V (420-550nm) 14l s = %0
> | t 80
RS I 1) 2 60ns 1.35) .
FastTime Constant | "g‘ 1 3 - 70
‘ - - el 60
— R ) B 300ns 21_25:
SlowTime Constant P f 50
FEFER 7-15m s 1,2§ 0
Absorption Length E 1.15} 30
b 9000-10000/MeV ' 20
| Scintillation Yeild | 10
3.51GeV s
‘ I —! Rdﬁfitd“ 215 105 1.1 115 1.2 125 13 1.35 1.4 ©
Time of PMT1 [ns)
11.496eV. Independent time measurement
Intrinsic time resolution of 1x1x40cm?3 BGO crystal:
Maybe time in be used + ® Single-ended readout, 5 - 90ps
| (¢] . ags .
ay ® Double-ended readout: 5 - 45ps, effective position resolution, ~ 7mm
1] deal w ambiguity
7 8
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Calorimeter with silicon and crystal layers Yong Liu (IHEP)

Stochastic Term of Energy Resolution in various designs
e SiW and SiSc as 2 major options

20.:—
i\; 18- * Introduce thin W-absorber plates for
3 16 greater compactness
g 14— * Si-Sc-W super-layers
5 12 * Varying W/crystal thickness
% 10;_ . .  Trade off energy resolution
o 8
= ~ °
'ci?é 6;_ * Note: digitiser not yet implemented in
g 45_ ° the simulation
= * Energy fluctuations only
- R R~ R TR 130' * Impact from scintillation photons

Crystal_X0/(W_X0+Crystal_XO0) / %

and SiPM: to be studied



