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e Precision physics at e*e- collider calls
for high-resolution calorimeiry

Physics Process

Measured Quantity
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Physics requirements for calorimetry
S zZ
e Precision physics at e*e - collider calls S
N\ H
for high-resolution calorimeiry / §M
i
Physics Process ~ Measured Quantity Critical Detector Required Performance -
ZH — (¢~ X  Higgs mass, cross section Tracker A(l/pr) ~ 2 X 1.0*5 ) z
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Two possible approaches:
» Particle Flow (PFA) Calorimeters
 Dual-Readout Calorimeters
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From Eur. Phys. J C77 (2017) 466

Particle flow approach

From arXiv:1706.04965 « ] ——
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From https://warwick.ac.uk/fac/sci/physics/staff/academic/boyd/warwick week/detector physics/warwick lecture calorimetry.pdf



https://warwick.ac.uk/fac/sci/physics/staff/academic/boyd/warwick_week/detector_physics/warwick_lecture_calorimetry.pdf
https://arxiv.org/abs/1706.04965
https://link.springer.com/article/10.1140/epjc/s10052-017-5031-2
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ECAL Design Principles

« Measure 100% EM energy
« shower containment in ECAL, so X, large

 Resolve energy deposited by individual particles

 small R ere and X, — compact and narrow showers

« Separation of hadronic/EM showers
* A/ Xq large, so EM showers early, hadronic showers late

« Minimal material in front of calorimeters

« Strong magnetic field

 lateral separation of neutral/charged particles ECAL, H'CI;AL
COi
} (cost!)

» keeps a lot of background inside beampipe

» Active medium: Silicon (or scintillator)
* Pixel readout, minimal interlayer gaps, stability
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CALICE Collaboration

I Collaborating si
LIE2 11 cALICE Collaboration e

i) IM-LI - — ®
‘ I - — N\ L7
Bl ZS
336 physicists/engineers from 57 institutes and 17 countries coming from the 4 regions (Africa, America, Asia and Europe)

All papers available from
https://twiki.cern.ch/twiki/bin/view/CALICE/

= (orgoogle “calice cern” —top hit)

Cost-effective approach of testing both h/w and s/w

"Friendly competition” to ensure best technology
chosen objectively

UK activity - primarily ECAL (DAQ and MAPS)
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Ciremat

CA"'@ Si-W Electromagnetic Calorimeter (Si-W ECAL)

neter for IL

Absorber: Tungsten sheets wrapped in carbon fiber A P i), O o P b
Detector: Silicon PIN diodes 1x1cm? (Comparable to Ry,;:0.9 cm)

Structure 4.2 \\
Si allows high granularity & compactness

(3=*1.4mm °’~‘,~ plates)

Length: 30 layers™ 24X, ~ 1, | 9720 channels | ®C0 s |
3 ”stacks”, 10 modules each
Different absorber thickness

1.4 mm (0.4 X,) v
2.8 mm (0.8 X,) 2005_ ECAL
4.2 mm (1.2 Xo) PhySICS prOtOtype / TR ACTIVE ZONE
Detector slab (30) (18x18 cm?)
Lateral size: 18x18cm? 1 sensor plane= 2 detector slabs

1Slab
2 sensitive layers mounted on the two
sides of a H-shaped W supporting structure

SLAB

ASIC

Calibration

Tailpiece
ASIC P

1 layer =6 (3) (525um thick)

1 = 6x6 pads 1x1lcm?

(Cfi/ W) <
structure type H

e ———————— @
Offset to reduce dea! areas (+ 1.3 mm offset between successive slabs)




Calorimeter for IL

1.- Pedestal subtraction

CAI-I@ Si-W ECAL Calibration

2.- ADC-MIP calibration LI
g &

Response of single channelstoyr =™
Landau convoluted with a Gaussian = ™
MIP signal= 4oof
most probable value of the Landau =
0

Al Normalisation 4075.8 + 177.7
G, 455101
| o, 31102
[ . 0, 66:02

[ 1L 32 GeV

150 200 “250
Hit energy (ADC counts)

PR PR W S T —— -

50 100

3.- Enerqgy Reconstruction

19 29
z E; @Z E;
i=1

i=20
Stacks weighted according their thickness
E; = Total energy plane i

1+1 mm inactive area between wafers

4.- Gap correction

Energy can be corrected by 1/f(x,y)

ICHEP July 2014, Valencia
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M.C Fouz 5




Calorimeter for |

Event

Shower from a 40

display

ECAL Hits: 302 Energy: 1446.42 mips

HCAL Hits: 231 Energy: 803.441 mips
TCMT Hits: 22 Energy: 60.008 mips

I .h;&ﬁ%
" ,.....{.‘&nﬁ

Clear structure visible in hadronic shower
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HCAL only

Back-scattered particle

Time: 05:39:16:985:771 Thu Oct 19 2006
Hits: 243 Energy: 727.372 mips
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Calorimeter for IL

Absorber: Tungsten (88%W 12%Co 0.5%C)
Detector: Plastic scintillator

e  Scintillator — W Electromagnetic calorimeter
All@

(Sc-W ECAL)

3.5mm thick

4.5x1 cm? 3mm thick

WLS (Wavelength Shifting) fiber

)

Odd layers orthogonal to even layers

= 1x1cm? effective granularity
Less readout channels
but shower reconstruction more complicated

b %ﬁ‘;ﬂ"ﬂﬂ RNt

— MPPCs in strip

1600 pixels

ICHEP July 2014, Valencia

M.C Fouz
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DECAL Concept — cost reduction for ECAL??

- Concept, swap ~0.5x0.5 cm? Si pads with small pixels (“Small”
.= at most one particle/pixel,1-bit ADC/pixel - digital)
* How small to avoid saturation/non-linearity?
- EM shower core density at 500GeV is ~100/mm?
* Pixels must be<100x100um?
- Used baseline 50x50pm?
« Gives ~10'? pixels for ECAL — “Tera-pixel APS”
- Mandatory to integrate electronics on sensor

AECAL DECAL DECAL

Npixels<NparticIes Npixels=NparticIes



ST s 3 . Y
o The Digital EM Calorimeter Concept ’ﬁ:
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concept
in FCC_hh CDR PARTICLE PHYSICS.

Count pixels above threshold

EPTUAL DESIGN REPORT IN JANUARY 2019, DESCRIBING TANTALIZINGLY MORE POWERFUL PARTICLE COLLIDERS FOR THE POST-L

FCC-hh Simulation (Geantd)
s

\ \ I~ uVJ! 0.08" electrons n=0 -

- . \ \ \_! F ]
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5.1 Silicon Tungsten Calorimeter

eptual Design Report Volumes |

0.01—
: —1 - Resolution with pile-up
FCC LEPTON COLLIDER FCC HADRON COLLIDER HIGH-ENERGY LHE 0- . - . I

| 10 10°

~2000 -1500 <1000 -500 0 500 1000 1500 2000
positionedCaloHits.position.x

5 Alternative Technology for the EM Barrel Calori-

[ ‘ European Strategy Update Documents | MOt ECC Week (1/6/17) T. Price

. P S S Abada, A., Abbrescia, M., AbdusSalam, S.S. et al. Eur. Phys. J. Spec. Top.
(2019) 228: 755. https://doi.org/10.1140/epjst/e2019-900087-0

postonecC a0~

Idea initially in context of CALICE but then adapted to FCC-hh environment.
Simulated 4 different geometries:
30 Layers, 3.5mm W (30 x 1.0 X,)

5.6mm Pb
50 Layers, 2.1mm W (50 x 0.6 X,)
3.4mm Pb

Absorber (W or Pb), varying thickness

Substrate (Si), 450um

— Epitaxial (Si), 18um —
[c/0 Phil Allport]

1/16/2020 A Reconfigurable CMOS Sensor for Tracking, Pre-Shower and Digital Electromagnetic Calorimetry 8
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E;'lggéizc;rg;gofﬁgﬁsmlclephy5|cs DECAL iﬂ fU” G4 CLlC ?ing&
Comparable performance to analogue SiW -

UNIVERSITYOF
BIRMINGHAM
DECAL Analogue
" 0.08+ " 0.081_ CLICdp Meeting (27/003_ _!-Rob.ert Bosle
E— I¥ Geometry E- if Geometry JiNeY Sk )
o 0.07 o 007 R
bRl 19.5% o | bR 16.2% o

: ———— 50 Layers SiPb: VE @ 0.9% J ———— 50 Layers SiPb: VE ® 0.4%

0.06[ 0.06t
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0.04H 2100 0.04 o1 55

; ——+—— 30 Layers SiW: .—VE(@ 1.2% EJIQ ———— 30 Layers SiW: '—E® 0.5%
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0.021- 0.02-
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O : 1 1 | | | 1 1 ‘ | | | | | | | l | | 1 l | 0 : | | 1 ‘ | | | | | 1 | ‘ | | | | 1 1 | | |
0 200 400 600 800 1000 0 200 400 600 800 1000
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* For single electrons, similar performance of Digital ECAL (with realistic channel
threshold per pixel of 480e*) and Analogue ECAL (with perfect performance and full
substrate signal per pad) up to around 300GeV (4T field without pile-up)

- Above this energy, saturation (more than one hit per 50pm x 50um pixel) starts to

impact performance of digital compared with analogue ECAL

*6 X 0 assuming noise of o = 80e
[c/0 Phil Allport]

1/16/2020 A Reconfigurable CMOS Sensor for Tracking, Pre-Shower and Digital Electromagnetic Calorimetry 9



\‘ ‘ Birmingham Instrumentation
/‘. Laboratory for Particle physics
BILPA and Applications

ALICE Fo-Cal MAPS R&D
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T. Peitzmann: International Workshop on Forward Physics and Forward Calorimeter Upgrade in ALICE (Tsukuba, 08.03.2019)

24 layer MIMOSA CMOS sensor calorimeter Si-W stack

v,

Energy resolution

-e- Simulation (ideal detector)

-=- Simulation (real detector)

-=- Data(e)

[c/o Phil Allport]

102
Momentum(GeV/c)

Y (mm)

orE . . C

— =as S
E E/GeV E/GeV

— (2.95+ 1.65)%
b= (28.5+3.8)%
Cc = 6.3(ZJ

mTower ©3

layer 8 Iayer 12

244 GeV electron very high single
particle hit rate in shower core

Successor to original UK R&D on
DECAL, now using 48 ALPIDE
sensors. Birmingham group

involved

New ALPIDE CMOS sensor based
3cmx3cm area 24 layer stack

Looking forward to results from
test-beams with this system

1/16/2020 A Reconfigurable CMOS Sensor for Tracking, Pre-Shower and Digital Electromagnetic Calorimetry 10
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ox e  DECAL (dmmx4mm Array) Prototype Chip
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Concept in FCC-hh context of a common
silicon development for:

= Quter tracking

= Pre-shower

= EM calorimeter
Reconfigurable sensor as:

SEEEEEEEEEEEEEEEEERAN

4 Diode TCAD Simulation: Giulio Villani

“ PreAmp | Shaper | Comparator | Column logic
= 5mmx50pm strips | el b
= 5mmx5mm pad [E | EFI i I i
SESENESEEEEENEEEEENEEEEN _:_| : I : ”F{>;: qJI-d Column
2. A | | T | “ege
Prototype as proof of concept (180nm CMOS*) Bl (el ., Ik o ! Er Upto
TATAN T : | Threshold | 40MHz
p B | |
Strip mode Padmode v v ¢+ | | ! ;
TWEPP (4/9/19) S.Benhammadi
Specification Unit Value
4 pad array Pixel Pitch um 55
each 16 columns wide : :
0 Resolution pix 64 x 64
64 Strlp array Frame Rate MHz 40
64 X 64 lxelS 1 1 m v Input Referred Noise e- rms 80
Max hits/col (pad mode) hits 15
Max hits/col (strip mode) hits 3

Information on up to 3 hits per Information on up to 15 hits per column giving

column gives data rate 5.12Gb/s 240 hits per pad gives data rate of 2.56Gb/s *TowerJazz
(Small collecting node)

11@9)56’“' A||pOI’T] A Reconfigurable CMOS Sensor for Tracking, Pre-Shower and Digital Electromagnetic Calorimetry 11
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Future Opportunities (CALICE/MAPS)

* Si-W calorimetry should allow excellent PFA performance

e Potential to use same technology for outer tracker/preshower/ECAL

» Affordable Si-W (Si-Pb) calorimeters, need sensor costs ~ CHF/cm? (active
areas > 10’cm?)

e Potentially achievable with CMOS Imaging Sensor technologies - large,
expanding commercial market

e Power needs study, CMOS estimates range ~50-100mW/cm? (no pulsing)

e Prototype demonstrating concept of digital ECAL in same CMOS line as
CERN et al can deliver radiation hardness to > 10'°*neqg/cm?

 Digital EM calorimetry, high potential for future e*e- facilities:
e Very fast charge collection, potential for triggering
e Currently, UK (Birmingham) working with ALICE FOCAL groups on mTower
e Perfect time to take ownership/lead this novel concept for future projects

A 17



HCAL R&D: why is hadronic calorimetry
challenging?
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Typically* the calorimeter
response 1o the electromagnetic
(e) and hadronic (h) components

Is different

This is actually frue for non-compensating calorimeter
(the vast majority of those in use howadays)

The fraction of energy in EM and
HAD components is energy
dependent with large fluctuations

The calorimeter response to hadrons is energy
dependent and has large fluctuations

18
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Dual readout - the principle

e Suppose | read out two calorimeter signals, S and C, with
different h/e. Then:

B = (fon + (), (1= fom)

(Es — xE¢)
h E =
E.=E ) a =%
cC — fem + ( T fem)
€/c
J O eeeeeecceceeieicinniaciennnnn, ./;’” =1
| sEGeVy,et
08 L «EGeV protons
| +E GeV pions )
061 /5'/
S ¢’ S
Q / &
04 ._1_,._,.
6\
0.2 a%/’ \/ =0 11
L o :(/z/e)(
Depends only on the detector, it can be b

determined in test beam, for example.




Dual readout calorimeters (PMT readouts)
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Dé%O:M Cu: 19 towers, 2 PMT each
| - 2mlong, 16.2 cm wide
Sampling fraction: 2%
2012
RD52 Cu, 2 modules
Each module: 9.2 x 9.2 x 250 cm?
Fibers: 1024 S + 1024 C, 8 PMT
Sampling fraction: ~4.6%
Depth: ~10 A, ,
2012
RD52 | Pb, 9 modules

Each module: 9.2 x 9.2 x 250 cm®
Fibers: 1024 S + 1024 C, 8 PMT
Sampling fraction: ~5.3%

Depth: ~10 A,

mnt

INFN Pavia

e 20
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Significant UK participation in all US

ongoing activities

e TB activities:

e Active Sussex participation in 2017 and 2018 test beams at
CERN

 Installation and data quality monitoring

e Data analysis and related publications

e Preparation for test of 10x10x100 cm3 module @DESY (dates
tbc)

« Procuring and testing scintillating fibers for reading out SiPM signals
 Software/Simulation:
e Simulation of the detector and integration in Geant4
e Detector characterisation and physics studies
* DAQ & Monitoring

22




Electron response
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40 GeV electrons

(a) (b)
_ ; Scintillator 200 - Cerenkov
= ntries 738~ E Entries 7387
E GeV —> E 200 E 2 ndf 280.3/19 ? »2 I ndf 335.5/223
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0 :...h | 1 L Il 1 1 1
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Calorimeter signal
Test beam results
1.04 1.04 : . . . . . .
3 Cu (low-energy measurements) Pb (high-energy measurements)
8 (102 1.02
% . i = X X H
O 100 f - v v = 1.00 S Ll [ = i
~ v vt + o
g . N
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Single hadron response - linearity
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NIM A 866 (2017) 76 (RS | ]
[ PY °
B Y °
> o9 i T ]
v
O +1% ]
S osf i
: AT :
L] S : :
e Dual readout signal largely 5 o7 pisin
° ° . v E * ]
recovers linearity while vastly G y ?
L] L] L[] > : ’ :
< 0.5F 4
improving resolution. |
auk % & Cerenkov signals ]
I ® Dual-readout signals |
oL PO LT S e S e
0 20 40 60 g0 . 100 120
H En
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“Fa Entries 28570 | [ b Entries 28570 | F C Entries 28570
= Mean 7.994|[ Mean  11.71| £ X2 /ndf 55231292
o - o Mean 18.28 £ 0.02
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Entries

Entries
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Single pion response

Scintillation signal
= Entries 42377
22001~ Mean  86.38
2000 ;— Std Dev  4.292
1800—
1600 ;—
1400 ;—
1200 ;—
1000—
800 ;—
600 ;—
400 ?
200—
oL L L R R R
40 60 80 100 120 140 160
Scintillation signal (em GeV)
Uniform response from different hadrons with a single y
Cherenkov signal g 00
1000 Entries 42377 ‘g C
- Mean 69.49 2 0.06— f#
i StdDev  9.592 H = 100 GeV ‘: ‘h
oo g 0% pions f |
- g = protons i
600 — “*E neutrons } |
L — ki 1
- 0.03[— kaons Loy
400(— - f ';
- 0.02 M
- - i A
200— C 3. :o
- 0.01— ‘ !
L C b 4
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Reconstructed energy (GeV)

From simulation
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Single pion response S

e Linearity within 1% “out of the box”.

e Resolution dominated by the § channel and clearly
improved by Dual readout

E 150 = < Energy (GeV)
T 140E- 150 100 70 50 30 10
g’ 130 E- g 0.3_ T T T T T T
5 120F- © - .
= - Combined
o —— [~
s E 0.25/—
e - 2o 2 oy
o 90 - - = . 0
& 80FE- 02l E VE(GeV)
;‘;? N Cherenkov
50E- 0.15—
40— - . . .
30E- N Scintillation
20 0.1
10E- C
0:r||||\u| e b b b b b b b v v b v b g |
102 0.05—
o C
__ __________________ ol_ 1 1 1 I 1 L 1 L I L L 1 L | 1 | 1 | I 1 1 1 1 I 1 1 1
098 0.1 0.15 0.2 0.25 0.3
0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 1/ VE (GeV)

E GeV i i
nergy (GeV) From simulation
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Performance of Dual Readout

Energy (GeV) —

40 %O 3|0 . 59 . }(?O 2([)0‘ . ’1090 (oe]
° ° \’\ & Cerenkov signals
e Hadronic resolution comparable s S
to compensating calorimeters. S o " -'
< 25F o -
Q [
e Resolution at TB (dominated by 3 o) .
“© F R S
. Y & r > % SN
leakage). G4 estimate with full . ~r
. S 10f
containment o 34Y% 3 | ]
_ 5 j RN
E VE 025 0.20 015 010 005 0
(a) ~—I/\E (GeV)
Energy (GeV) —= See https://doi.org/10.1016/].ppnp.2018.07.003
Te————
" . 2 DREAM ] W/Z separation
_ o |l (high-precision GEANT4)
X v FTFP_BERT_HP _
E 5 F
2 . #DREAM S 300 F
g1 \ E B
> — = 0E
:‘30 5._ 30%/VE"“~~~~~\ -;RD5\3\ { ‘g . 3
= ' - \\ E
== RN 1]
- S
0 L ! ! L N OE..A_,_L__.+|4 e e . o
0.20 0.15 0.10 0.05 0 40 50 60 70 80 90 100
~— 1/\VE Calorimeter signal (em GeV)
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Simulation

1 Tower 1

Tower 40

eFull G4 simulation of  “final”
geometry is available:

2.5m

e Cu absorber, 1 mm fibers, 1.5 mm pitch

= e Also existing parametrised simulation

Fa ’ for physics studies

75 projective elements x 36 slices

AB = 1.125°
Tower size: A¢ = 10°

Read out the single fibre: 130 M channels

e 28



Shower shape
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Energy (MeV)

- 4

T

Energy (MeV)

e Single particle shower shape

 Using full implemented
granularity

29
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Jet response ToooF T o

v = 0.3 calo+ch 1x0
T @& y=023calo1x0

Dual readout achieves linearity with a T d
resolution of 30%/+E with constant term ~ 0.5% ~0.06 .

Resonances s’rudigo[wi’rh

e*e” > ZH - jjxoxo N
ete™ > WW - jjuv

@ 0.03
ete”™ - ZH - vvbb @@ Y |
Calo+Charged 1x0 materlal >< \ 45 GeV 1/} E°" [GeV™?)

0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

Arbitrary units

lIIlllllIIlllllll[lIllIllllllllllllllllllllll

1111111111111111111111111111111111111111111

- N 1 e 1 I |
60 80 100 120 140
M, [GeV]

30




Recent developments



. US
SIPM dual readout i

e Single fibre readout with
HAMAMATSU SiPM.

e Readout for Cherenkov and
Scinfillation light separated to
minimise cross talk (the latter
expected to be ~ 50 times
larger if not attenuated).

S13615-1025

Cerenkov
SiPM array '
Scintillation :

SiPM array
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2020 target

.
.

prototype

ilda10x 10x 100 cm3
* Use 2 mm diameter tubelets (CuZn37, glued with arald

* By

te)

* 60 horizontal layers of 51 tubes

* 9 readout fowers of 17x20 tubes each

ISe

PM readout for the central tower, PMs (with reduced granularity) otherw
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Future Opportunities (IDEA = Dual
Calorimeter) — some examples
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* Hardware activities:
* Development of full-EM containment prototype (2021 -, tbeam at DESY in Jan/Feb 2021)
* Development of a ful-FHAD containment prototype (2022 - )
* R&D on readout architecture

* Development of the readout for a ‘full scale’ detector using currently available SiPM technology

* Development of a readout using D-SiPMs. (2022 - )

* Detector Simulation:
» Simulation and digitisation of SiPM signals
» Simulation of various beam configurations (also for general FCC-SW) —in collaboration with Uinsubria (Como) & UPavia
» Optical photon transport in Geant4

* Need to speed up the current optical tfransport for photons (very slow atm) - or study an alternative one - to allow full simulation of
all readout channels

« Software:
* Analysis of tbeam data: electron response, hadronic energy resolution, etc
* Jetresponse in environment with 4/6 jets
* Particle ID - in particular tau identification using ML/DL techniques
» Calorimeter + tracking reconstruction for full simulation of detector prototype

* Algorithms for energy/particle flow using the SiPMs’ timing information
A 34
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Conclusions

e There are many opportunities in both PFA and Dual-Readout
calorimetry for future collider experiments

e UK is already conftributing in major ways in both areas
« DECAL (CALICE-like) with MAPS technology
e Dual-calo R&D (IDEA)

e There are many possibilities for new UK collaborators to make
leading contributions

e Hardware development

e Software/Simulation
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Single hadron response - resolution
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Electron response
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Hadron response
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