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Detector specs for future electron positron colliders

Well established specifications for the physics program of future electron-positron colliders.
The predominance of Z,W, H decays to jets puts a premium on hadron calorimetry.
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: Measurands )
process subsystem requirement
ZH.Z weTe . utu™ Lo(ZH A1/ —
1 i con S + )_ Tracker ¢ -_.3( fpr]u.l}l}l
H— ptp BR(H — pp) 2x107° @ S(GoV) sin?/2 8
H — bb/cé/qg BR(H — bb/cE/qq) Vertex _ rjr’.'.c.; -
0D p(GeV) xsin? '-3!-!( j,ll]l)
v
ECAL A E =
H — qf, WW*, ZZ* BR(H — q7, WW*, ZZ*) e
HCAL 3 ~ 4% at 100 GeV
AFE/FE =
H — BR(H — v7) ECAL . -

VE(GeV)

Challenging spec for jets (roughly 30% /VE). Modest spec on EM calorimetry
(20%/VE).
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Satisfying the calorimetry specifications

There are two well-studied solutions:

October 2018 Test Beam Scint-AHCAL
300GeV pion Si-FH

s ';.,_'..'. R i

Copper + scintillating
and Cherenkov fibers

High granularity calorimetry Dual readout spaghetti calorimeter

In this talk, | present a new twist on an old variant of dual readout calorimetry,
https://arxiv.org/abs/2008.00338 (Lucchini, Tully, Eno, Lai: accepted for publication in JINST.
With dual-readout electromagnetic calorimetry, though, can have the required excellent jet
resolution with state-of-the-art electromagnetic resolution
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https://arxiv.org/abs/2008.00338

Comparing HGC’s and Dual Readout

HGC’s are the most popular

option for future calorimeters.

HGC’s achieve excellent jet

resolution by via the tracker

and shower pattern

recognition
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Calorimeter Energy Resolution (GeV)
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Tracker and Calorimeter Resolution in Absolute Scale
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Calorimeter resolution requirements not that
' stringent. 50% HAD and 10% EM stochastic

Poschl https://indico.ihep.ac.cn/event/11938/

TPC Momentum Resolution (G eV/e)


https://indico.ihep.ac.cn/event/11938/

High granularity
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There is a large active international community working on
designing high granularity calorimeters that satisfy these
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requirements, including e.g. the CALICE collaboration (in
exploring the possibilities) , the CMS collaboration (who is
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There are some challenges

Higgs mass resolution [%]

. From Mangi Ruan
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Figure 4. The main topological rules for cluster merging: 1) looping track segments; 1) track segments with gaps; )
track segments pointing to hadronic showers; 1v) track-like neutral chusters pointing back to a hadronic shower; v) back-
scattered tracks from hadronic showers; vi) neutral chusters which are close to a charged cluster; vif) a neutral cluster near
o & charged cluster; viii) cone association; and ix) recovery of photons which overlap with a track segment. In each case
the amrow indicates the track, the filled points represent the hits in the asseciated cluster and the open points represent the
hits in the nevtral chuster.

Pattern recognition

Hadronic
resolution
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Dual Readout

Another approach is to build a calorimeter with the best possible resolution
IDEA/RD52/DREAM.

Dual-Readout Fiber Calorimeter

10/27/2020 Sarah Eno CEPC 2020



Improving hadronic resolution
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Fig. 9: Schematic of development of hadronic showers.
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FIG. 2: Mustration of the meaning of the ¢/h and e/mip val-
ues of a (generic) calorimeter. Shown are distributions of the
signal per unit deposited energy for the electromagnetic and
non-em components of hadron showers. These distributions
are normalized to the response for minimum ionizing particles
(“mip”). The average values of the em and non-em distribu-
tions are the em response (“¢") and non-em response (“h") |
respectively.
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em shower fraction
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Cherenkov radiation
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Can be produced by dedicated
Cherenkov radiators, or can be
identified in scintillators via

* Angle

* Wavelength

* Timing
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10/27/Passage of particles through matter (pdg.lbl.gov)
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Can generate in

* Quartz

* Clear plastic fibers

* Crystals like BGO, PbWO0O4

(basically need some transparent material, the higher the n the
better)

But since this is only sensitive to the relativistic portion of the
shower, need something else to generate signal from the entire
energy deposit

* plastic scintillator (advantage of sensitivity to neutrons)

e Crystals like BGO, PbW0O4

Signal amplitude (mV)

- BGO, GGA9S filter
—— BGO, UG11 filter

L 1 ! !
0 100 200 300 400
Time (ns)



RD52/IDEA

RD52 started by studying dual readout in crystals. But then they moved to the

following geometry

f'r Dual readout HEAI:\'I

Scintillating fibers
& = 1.05 rnm

Cherenkow fibers
£ = 1.05 mm

Brass capillary
ID = 1.10 mmn,
QD = 2.00 mim

Tower 1

Tower 40

2.5m

|P*_//""to.zsm
z

A= 1.125"
Tower size:

Read out the single fiber: 130 M channels A¢p = 10°

75 projective elements x 36 slices
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However, this method also works in crystals
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Fig. 2. The PWO matrix consisted of seven crystals with dimensions of
3 x 3 x 20 cm3. These were arranged as shown in the figure and the beam entered
the matrix in the central crystal. All crystals were individually wrapped in
aluminized mylar. Both the upstream and downstream end faces were covered 025 T T T

with filters. See text for details. ;«I_\ b b
g " o :
; : : . = 020} ~ — — Emission Cerenkov light ]
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-1200 I(l)o 2(.)0 3(110 4(')0 Fig. 5. Emission and absorption characteristics relevant to the PbWO4 crystal
Time (ns) matrix. Diagram (a) shows the emission spectrum of the scintillation light, as well

as the transmission characteristics of three filters used to obtain the Cherenkov
signals. In diagram (b}, the Cherenkov spectrum is plotted, together with the self-
absorption coefficient of the PbWO, crystals, as a function of the wavelength [5].

Fig. 3. The time structure of typical signals measured in a single BGO crystal,
placed perpendicular to the beam line. The crystal was equipped on one side with
a yellow filter, and on the other side with a UV filter, and read out with small, fast
PMTs. The signals were measured with the sampling oscilloscope at a rate of
0.5 GHz, or 2.0 ns per sample.

Detection of electron showers in dual-readout crystal calorimeters (https://www.sciencedirect.com/science/article/pii/S0168900212014520)
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https://www.sciencedirect.com/science/article/pii/S0168900212014520

Some crystal options

e PWO: the most compact, the fastest, the cheapest
e BGO/BSO: in between (potential for dual readout) ﬁ

e Csl: theless compact, the slowest, the brightest better stochastic term
Crystal Density )\ X, Rar  Relative LY peak emission Decay time refractive  Cost
g/em? cm  cm  cm QRT nm ns index $/cm?
PWO 8.3 209 0.89 2.00 1 410-500 10 2.2 8
BGO 7.1 227 112 223 70 480 300 2.15 7
BSO 6.8 234 115 233 14 480 100 2.06 10.5
Csl 4.5 39.3 1.86 3.57 550 300, 480 1220 1.79 4.3

Values from: Journal of Physics: Conference Series 293 (2011) 012004

Fraction of energy deposit per channel in E1 Fraction of energy deposit per channel in E2 Fraction of energy deposit per channel
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crystals

Why did they move away from crystals? Crystals would allow EM resolutions of 3% /vVE?

 Not a compelling case for precision EM resolution

e At the time they did these studies, Sipms were not well developed. PMTs are
expensive, and they thought they could only afford one per crystal. But to see the
small Cherenkov signal over the large scintillation signal, had to cut down the
scintillation signal, ruining the precision EM resolution. All the cost of crystals and
none of the benefits

* Also because of the readout constraints, thought the calorimeter could not be high
granularity with crystals

* Readout costs also limited longitudinal segmentation, but Cherenkov self absorption
below (but not above) the scintillator peak problematic in long crystals

But Sipmms change this.



Technological advancements (SiPMs)

e Many technological advancements in the field of photodetectors
e Compact and robust SiPMs with small cell size (high dynamic range) extending and enhancing
sensitivity in a broad range of wavelengths
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Cherenkov detection in PWO and BGO

Sensitivity in both the UV and infrared region with Silicon Photomultipliers
o Detect Cherenkov photons in either the UV (BGO) or infrared region (PWO) (or maybe

both)
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C
-
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Cherenkov photons
above scintillation peak
are much less affected by
self-absorption

~10% of signal from Cherenkov in CMS ECAL
(N_Akchurin et al.) increasing due to radiation damage that

filters out the UV scintillation component!

BGO
— 14
S B Scintillation
S, 12 | —— Cherenkov
> =L .
:5') B Transmittance
[ - Hamamatsu SiPM PDE
L ¢
£ L
g 0.8
= L
(_U -
&) 0.6—
0.4
B ~1 AZ
0.2 /
i 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 I 1 | ] 1 1 1 | 1 1 1 1
:900 400 500 600 700 800 900

Wavelength [nm]

BGO has a larger stokes
shift, wider range of
transparency for UV
Cherenkov

Cherenkov signal detected and exploited for timing
applications even for electrons from 511 keV y-rays!
Stefan Gundacker et al., 2020 Phys. Med. Biol.65 025001
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https://iopscience.iop.org/article/10.1088/1742-6596/110/9/092034/pdf
https://iopscience.iop.org/article/10.1088/1361-6560/ab63b4/pdf

Event

Fraction of S and C photons detected with dual SiPM
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- » The left plot shows spectrum of S and C when they are produced,
1 02:_ ~arrived at the end and collected by SiPM
= # The number of photons at different stages are shown in the table
- N below, but it is a rough estimate, as the scintillation spectrum we are
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Dual readout crystal ECAL

Drawing from the pioneering work of RD52, but upgrading for new developments in inexpensive, high-QE, tailored-

wavele ngt h si PMMS see: https://arxiv.org/abs/2008.00338 Also see Snowmass LOI: SNOWMASS21-IF6-008.pdf

e Timing layer

e ECAL layer

o Thin solenoid between ECAL and HCAL
o |IDEA HCAL

10/27/2020
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https://arxiv.org/abs/2008.00338

SCEPCAL e.m. resolution

Contributions to energy resolution:

O

(@)
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O

Shower containment fluctuations

Longitudinal leakage
Tracker material budget
Services for front layer readout

Photostatistics

Tunable parameter depending on:
e SiPM choice
e  Crystal choice

Noise

Negligible with SiPMs

e low dark counts, high gain

Channels intercalibration

~0.5% constant term
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Cost and power breakdowns for SCEPCal

Electronics, Cooling, Mechanics

T1+T2 (TIMING) E1+E2 (ECAL)

Area barrel 53 53
Area endcap 19 19
Total area (barrel+endcaps) 72 m? 72 m?
# Channels barrel 977k 859k
# Channels endcaps 344k 374k
Total # of channels (barrel + endcaps) 1.3 M 1.2 M
Crystal cost 10 M€ 78 M€
SiPM cost (+monitoring for ECAL only) 8 M€ 8.5 M€
Electronics cost 5 M€ 4.5 M€
Cooling+power+mechanics cost 5 M€ 5 M€
Sub-total cost (barrel+endcaps) 28 M€ 96 M€

Total cost (barrel+endcaps)

~124 M€

Crystals
81,0
T1+T2
E1+E2 (ECAL
(TIMING) ( )
# of readout ~13M ~19M
channels
SiPMs (kW) 2.7 2.5
Electronics (kW) 34.3 33.5
Sub-total (kW) 38 36
Total (kW) ~74 kW
19



Hadronic resolution
Correct the energy deposit in the HCAL with DRO

w

OE/E

Correct the energy deposit in the back section of

the ECAL with DRO
Calibrated sum of ECAL+HCAL

107"

1072
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——®——  Pure HCAL (S-based DRO): 0.25 /{E & 0.010

- — & HCAL+ECAL (only HCAL dro): 0.42 /VE & 0.025
i HCAL+ECAL (dro corr): 0.27 /VE @ 0.021

e

Good stochastic term
recovered with ECAL Dual
Readout!

- adding raw ECAL energy
adding DRO corr ECAL
— pure HCAL

IIIII| | 1 |

10 10°
Particle energy [GeV]

Sarah Eno CEPC 2020

DRO correction for the energy
deposit in the ECAL
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High e.m. resolution potential for PFA

4000

3000

Counts

1000 M

2000 H

Many photons from nt° decay at ~20-35° angle wrt to jet momentum

can get scrambled across closeby jets
Effect becomes more pronounced in 4 and 6 jets topologies

More in C.Tully’s talk
jet
at FCC-ee workshop .
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https://indico.cern.ch/event/838435/contributions/3658382/attachments/1970353/3277643/FCCeeCaloTully.pdf
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Counts

Improvements in photon-to-jet assignment

e High e.m. resolution enables photons clustering into n%s by reducing their angular spread
with respect to the corresponding jet momentum
o Improvements in the fraction of photons correctly clustered to a jet sizable only for e.m.

resolutions of ~3-5%/V(E)

HepSim: Z-> bb (e*e- @250 GeV)

25000 . = 97—+« T
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ideal e.m. resolution — Y- 0¢/E = 0.10 E
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z > ete” Brem recovery

Example from CEPC CDR reference design
(electron tracks with no Bremsstrahlung recovery)

» Z>ptu- Recoll

14000

12000

Events /0.8 GeV

10000

8000
6000}
4000

2000

CEPC CDR
5.6 ab™, 240 GeV
ete ZX-u' X

Muon Track -
Ap/p ~0.3% -

» CEPC Simulation
— S+B Fit

Background

10/27/2020

130 135 " 140
MFecoll GV

Events /0.8 GeV

8000~
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» Z>ete~ Recoil

10000
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— S4B Fit

Background

| T T T T |
Simulatio

T T T T | —1
CEPC CDR

5.6 ab, 240 GeV
ete aZX—e'e’X

Electron Track
Ap/p tail ~1-2%
(two tracks)

.l
-
-------
.
_________

e [===pmemm -]
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MEecol [GeV]
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~80% of

resolution
recovery with

3%/V(E)
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Electron momentum at ECAL
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Flavor physics

Precision EM resolution and
timing could benefit flavor
physics program

10/27/2020
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Implementation in dd4hep

We are working with the dd4hep team on implementing the crystal ECAL in
dd4hep so it can be used with tracking etc components from their SiD
implementation. Barrel is almost ready. Implementation of the spaghetti
calorimeter in dd4hep is done by Sanghyuan Ko (Seoul National).

Also working with Lorenzo Pezzotti for a standalone full detector

May have jet studies for crystal dual readout calorimeter soon.



Open gquestions

Almost everything

How to support it mechanically?

What is the jet as opposed to single particle resolution?

How does upstream material affect the jet reconstruction?

What is the best tracking system to go with this calorimeter? (current proposal is TPC, but this doesn’t
work really for high intensity Z running)

Can cms-style particle flow improve event reconstruction?

How would segmentation affect tau reconstruction?

Scintillation/Cherenkov separation can be achieved by wavelength filtering, timing, polarization. The
default plan is wavelength separation. But can inexpensive electronics that includes timing help? Can
pulse shape measurements in the readout help ()?

The crystal dual readout hasn’t been done with modern photodetectors. But only those (according to
simulation) allow this to work. We need to purchase crystals and do test beam measurements.
Which crystal should we use? PbWO4, BGO, BSO?

Would the timing layer solve the beam background problems at muon colliders?

Assembly needs to be understood



conclusion

* There are two quite different, complementary ways to achieve the
performance goals for an electron-positron Higgs factory

* Dual readout also allows close to state-of-the-art electromagnetic
resolution

* Much work remains; join us!



BACKUP
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Calorimetry for future e*e” Higgs and Z factories

et Z

Higgs can be identified independent of
decay mode using the “missing mass “ or
“boson recoil mass” method, where you
identify the Z and use its 3-momentum as
the 3-momentum of the recoil particle and
the center-of-mass collision energy minus
the visible energy as the energy, requiring
that to be consistent with the Higgs mass.

Mass peak can distinguish ZH from WW, ZZ.

10/27/2020

HIGES BOSON PHYSICS 319

Process Cross section Events in 5.6 ab™!

Higgs boson production, cross section in fb

ete”— AH 196.2 1.10 = 108
ete” = v i H 6.19 3.47 x 10¢
ete” s ete  H 0.28 1.57 » 107
Total 203.7 1.14 x 108
Background processes, cross section in pb
e~ — e7e” () (Bhabha) 030 5.2 % 109
eTe” = gq () 54.1 3.0 x 108
ete”™ = ptu (v) Jor 7 ()] 53 3.0 = 107
eTe” = WW 16.7 9.4 x 107
eTe” 3 L2 1.1 6.2 % 108
eTe” eTe £ 4.54 2.5 % 107
eve” s e W e pWT 5.09 2.6 x 107
Table 11.2: Cross sections of Higgs boson production and other SM processes at /5= — 240 GeV

and numbers of events expected in 5.6 ab !, Note that there are interferences between the same final
states from different processes after the W or # boson decays. Their treatments are explained in
the iext. With the exception of the Ehabha scatiering process, the cross sections ane calculated using
the Whizard program [14]. The Bhabha scattering cross section is calculated using the BABAYAGA
event generator [ 15] requiring final-state particles to have |cos#] < 0.99. Photons, if any, must have
E., > 0.1 GeV and | cos .+ | < 0.99.

Sarah Eno CEPC 2020
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Separate EWK bosons

10/27/2020

Massive Boson Separation

! | ! ! ! ! ' ! ! I ! ! ! | ' ! ! 1 ! ! ! T T T T T T T T T T T T T T T
> CEPC CDR D ZZsvwqg | B CEIILC Preiiminary:
3 0.031- D WW —hag __ 0. 06: i i [j 77—)\,Vqéﬁ_ {udl_.(fle.almed__:
o I [ JzHovves - o [ WW-slvyg (ud) Cleanned -

) N | 1 (_‘ ZH—vvqq (gg) Cleanned |
= 0.05 — .
< S - o : ]
_ G 0.04" - 1 :
0.02 5 Mar ‘ ! ]
I 0 - ! ]
o C i ]
~ 0.03} | ]
= - | -
i ] <C - | ]
0.01 : 0.02f ; H :
0.01F \jﬁ § \ ]
0 A B e " 0_ s ]
60 80 100 120 140 160 60 80 100 120 140 16l
g mBoson [ e ]
Peizhu Lai & CEPC CDR  WW sample: using uivqq sample, CEPC-RECOQ-2017-002 (DocDB id-164),
Plot: the visible mass without the muon CEPC-RECO0-2018-002 (DocDB id-171),
11/03/19 Topical Calo WS@IHEP 21

Eur. Phys. J. C (2018) 78: 426

Sarah Eno CEPC 2020
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Jet resolution is essential to e* e ~ Higgs factory
calorimetry

Boson Mass Resolution (BMR)

LA Lyl S—— e
T B R Rl TR . T T ' T
: : 1 4 CEPC Preliminary] I I F’[ellmmary |
A A __ C T [T i
UL E ”I | 1 S
X 3} 1 2 | '
g | 'y lg{wH, H—bb) 1 £ | | o(qqH, H—inv) 1 5 : v 1
B 1 8 1 8 | -
= I <T p < . ¢ | H,H 1T
=N NNl | Assuming ] T | /]| aqkl b=
1 - i BR(H—inv) = 10% : |
- B L/ - -
i ’ 04 = = 08 |- -
i ] - 1 METTINTE S G B S A S S
ﬂullliil::u 1I_leu _‘_r'[llll 0 I s ' 10 15
Man I l e 0 10 20 a0 40 .
g ﬁslfwar?r% P BMR[%] | | BMRI[%]

VS+ B | 3

hadronic calorimetry (30%/\/?).

Accuracy=

The precision for many of the key measurables are steepish functions of the resolution

10/27/2020 Sarah Eno CEPC 2020
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Particle flow

HepSim
——— Photons: <E/E,> = 0.27
—— Charged leptons: <E/E;> = 0.06
i Neutrinos: <E/E > = 0.06

Charged hadrons: <E/E,> = 0.48
—— Neurtral hadrons: <E/E > = 0.13

Jat

HepSim

600

¥ cEi> = 1.59 GeV
n= <E» = 3.04 GeV
—— K2 <E» = 5.58 GeV
—— E"t<Ep =8.47 GeV
A: ¢Ep =6.62 GeV
Kg: <E> = 5.38 GeV
— <Ei> =4.95 GeV
n: <Ep = 4.84 GeV
—— K{: <Ep = 5.46 GeV
— En<Ep =7.31 GeV
vy <E> =8.45 GeV
— <Ei> = 8.87 GeV
v <Ep =7.77 GeV
v <Ep» =8.84 GeV
H —— e <Ep=5.82GeV ]|
i QE— <Ep = 5.59 GeV
—— E:<Ep» =7.27 GeV '|
IR r AR AR I

Counts
Counts

500

400

300

III

10°E
200

10
100

G....|....|....ﬁ“:m-..—m

0 04 02 03 04 05 06 07 08 09 b 10 20
Relative contribution to jet energy Energy of particle within jet [GeV]

Figure 1. Left: relative contribution of different particles (photons, neutrinos, leptons, neutral hadrons,
charged hadrons) to the jet energy. Right: energy distribution of different particle types clustered within jet.

eta

Particle Flow Calorimetry and the PandoraPFA Algorithm (https://arxiv.org/abs/0907.3577)
10/27?6?3%8 Lucchini studies using hepsim https://arxiv.org/abs/2008.00338 Sarah Eno CEPC 2020



https://arxiv.org/abs/0907.3577
https://arxiv.org/abs/2008.00338

Final States of ete Higgs Physics @™~246 GeV

« SM Higgs
- 0 jets: 3%: Z—ll, v (30%); H—O0 jets (~10%, 11, uu, vy, yYZ/WW/ZZ—leptonic)
- 2jets: 32% Higgs 4

Slide borrowed from Manqi Ruan

* Z—qq, H-0 jets. 70%*10% = 7% (LCWS 2019, Sendai, Japan)

* Lol v Ho2jets. 30%770% = 21% Strategy: make all the possible

e Z-ll, vw; H—WW/ZZ—semi-leptonic. 3.6% ag. measurements in each

- 4 jets: 55% different channel and combine Jet resolution is a key benchmark for
the result! e*e" detectors performance

e Z—qq, H-2jets. 70%*70% = 49%

o« Z-ll, w;, H-WW/ZZ—4 jets. 30%*156% = 4.5%
- 6jets: 11%
WW, ZZ,

» Z-qq, H-WW/ZZ—4 jets. 70%*15% = 11% 2y, vy

™, py

-
-

. . . w 99 Z boson
» 97% of the SM Higgsstrahlung Signal has Jets in the final state decay

Final state

 1/3 has only 2 jets: include all the SM Higgs decay modes
« 2/3 need color-singlet identification: grouping the hadronic final sate particles into color-singlets

« Jetis important for EW measurements & jet clustering is essential for differential measurements
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Role of calorimeters on

PFA jet performance

HepSim: Z-> bb (e*e

@250 GeV)

L N A AL
'| — Vv : <Ei/ Ejet>= 0.28
— neutrinos: <E;/ Ejet>= 0.05
— leptons: <E;j/ Ejet>= 0.05
— neutral hadrons: <E;/ Ejet>= 0.12
—— charged hadrons: <E; / Ejet>= 0.46

1000 H

Events

500

~2.7% contribution to jet
resolution from calorimeters
(added in quadrature)

e Baseline jet performance
depends on particle composition
and the relevant sub-detector
re50|ut|0ns o/ 01 0.2 03 g: 0.7 0.9
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v "N
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Jet reconstruction in PFA

Key features of PFA in Jet reconstruction:
Swaps out hadronic resolution for tracks (charged

(@)

(@)

hadrons)

Corrects momentum direction at the vertex

HepSim: Z-> bb (e*e” @250 GeV)

Relative energy contribution at given angle

— all

—— photons

—— charged hadrons
—— neutral hadrons

n*/- from jet
bending outside
the calo jet cone

momentum at
vertex can be
reconstructed

10 20 30 40 50 60 70 80 90
Angular aperture [degrees]

100

. B = "' 28
\ Picture borrowed from Marcel Vos




Counts

High e.m. resolution potential for PFA

e Many photons from nt® decay at ~20-35° angle wrt to jet momentum

can get scrambled across closeby jets
e Effect becomes more pronounced in 4 and 6 jets topologies — i

— H->WW

o IVI O I'e | n C TU | |y’S ta I k confusion term from ° - 2 j;EtVS 4jets

et photon mis-assignment 6 jets

at FCC-ee workshop = 5 ,  clueredrs . / |
‘\ : ll YB 1 4 ’
N ; h ' ¥ cluster‘ed 0 P

Frequency
=}
w
T

HepSim: Z-> bb (e*te- @250 GeV)
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ol 11 i W s s B SPR
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1000 follow rt*/- (no bump)
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https://indico.cern.ch/event/838435/contributions/3658382/attachments/1970353/3277643/FCCeeCaloTully.pdf

Counts

Improvements in photon-to-jet assignment

e High e.m. resolution enables photons clustering into n%s by reducing their angular spread
with respect to the corresponding jet momentum
o Improvements in the fraction of photons correctly clustered to a jet sizable only for e.m.

resolutions of ~3-5%/V(E)

HepSim: Z-> bb (e*e- @250 GeV)
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Events /0.8 GeV

Brem recovery

Example from CEPC CDR reference design

(electron tracks with no Bremsstrahlung recovery)

Z->ppu- Recoil

14000/

12000

10000

8000/

6000
4000

2000

CEPC CDR
5.6ab’ 240 GeV
ete ZX-u'uX

Muon Track
Ap/p ~0.3% .

= CEPC Simulation |
— S+B Fit

120

"1g5 4o
MES! [GeV]

Events /0.8 GeV

» Z>e*e~Recoil

4000

2000

__________

10000 T T 1 )
|« CEPC Simulation CEPC CDR
- —S+B Fit 5.6 ab', 240 GeV
[ Signal gte —ZX—e'eX
8000__ Background ]
Electron Track

(two tracks)

--------
---------

B ] et TP

120

135
MEeo [GeV]

T |- T
130

~80% of resolution recovery
with 3%/V(E)
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https://arxiv.org/abs/1811.10545

The combination of

a high precision ECAL with an excellent HCAL

would be IDEAL to take up the challenge of precision physics at
future e*e” colliders

« Design optimization of a segmented crystal ECAL
« Integration of crystal ECAL with a Dual ReadOut
HCAL

« Optimization of Dual ReadOut in crystal ECAL



Overview of a SCEPCal module

o SCEPCAL: a Segmented Crystal Electromagnetic Precision Calorimeter

o Transverse and longitudinal segmentations optimized for particle identification, shower
separation and performance/cost

o Exploiting SiPM readout for contained cost and power budget

1

Ny
o . c.~ 20 ps y
Timing laye © P o L

o LYSO:Ce crystals (~1X,)
o 3x3x54 mm? active cell
o 3x3 mm?2 SiPMs (15-20 um)

o—— o./E~ 3%/VE

ECAL layer

o PbWO crystals

o Front segment (~6X,)

o Rear segment (~16X,)

o 10x10x200 mm? crystal

o 5x5 mm? SiPMs (10-15 um)
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y [mm]

y [mm]

¥ [mm]

Some crystal options

PWO: the most compact, the fastest, the cheapest
in between (potential for dual readout)
the less compact, the slowest, the brightest

BGO:

Csl:

better for PFA

better stochastic term

Crvstal Density A Xo Rm Relative LY Decay time Photon density (LY / dLy/dTt Cost (10 m3) Cost*X,
Y g/cm3 cm cm cm @ RT ns Tp) ph/ns (% /°C) S/cm3 S/cm?
PWO 8.3 20.9 0.89 2.00 1 10 0.10 -2.5 8 7.1
BGO 7.1 22.7 1.12 2.23 70 300 0.23 -0.9 7 7.8
Csl 4.5 39.3 1.86 3.57 550 1220 0.45 +0.4 4.3 8.0
Values from: Journal of Physics: Conference Series 293 (2011) 012004
PWO
Fraction of energy deposit per channel in E1 Fraction of energy deposit per channel in E2 Fraction of energy deposit per channel
45TS(eV electrons PWO w, =3 ' 5 g 10 5
Xo™=0.3 Ry =2.00 cm B g g ~ [ pwo 1008
ECAL Iengt_h: 24 X, X, =0.89 cm & & [ Ry=20cm g
Module width: 10 cm H 5 100~ | s 5
12 o2 L g
{2 j - - \ o8
& g ol b
BGO o C
Rw =223 cm o 750_—1 L | | | 1
X0 = 112 cm . 1 2 3 4 5 6 7 8 9 X[‘cﬂm] 1 2 3 4 5 6 7 8 9 x[‘c?n] 0 50 100 150 200 250 300 «mm]
Fraction of energy deposit per channel in E1 Fraction of energy deposit per channel in E2 Fraction of energy deposit per channel
E ! g E e w‘g
. . K e
° sl £
) g _
4 L 10
3 °C
2| C
1 *50_—v 1 Il 1 1
1 2 3 4 5 6 7 8 9 10 0 50 100 150 200 250 300

2 fmm)

i 2 3 4 5 6 7 8 9 10
x

x[em]

x[mm]
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SCEPCAL e.m. resolution

Contributions to energy resolution:

O

(@)

O

O

Shower containment fluctuations

Longitudinal leakage
Tracker material budget
Services for front layer readout

Photostatistics

Tunable parameter depending on:
e SiPM choice
e  Crystal choice

Noise

Negligible with SiPMs

e low dark counts, high gain

Channels intercalibration

~0.5% constant term

(E)/ E [%]

© 10

107"

Geant4 Simulation: Segmented Crystal Calorimeter - Electrons

- 4 total energy resolution
B o_,(E)/E = 2.5% /|E © 0.3%
- --4-- shower containment fluctuations
- --+#-- photostatistics
:A
_.\
L
B \\:.1\
S
- A
N e
- S e
B R
I \.§
Tt em
1 11 I| | | 1 11 I| | | | I | I|
1 10 10°

Beam energy [GeV]
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Impact of tracker and dead material budget

e Tracker material budget <0.3X, for <2% impact on stoch. term

o Well within the target of the CEPC and IDEA reference tracker designs
e Dead material for services <0.3X, for impact on stoch. term < 2%

o Compatible with estimated material budget from cooling (5 mm Al plate)
and readout electronics

PWO - electrons PWO - electrons
) 10° : . < 10
(o) ~ . = .
=0 — 003 £ — Towlresolfon
8 i —— TRK X0 = 0.1 8 p— Photostatistic
. _ 8 L e
- | : TRKX0 =02 - F ----- Shower fluctuations
® : — TRKX0=03 ) 7|
10— . TRK X0 = 0.4 W -
L - - by 6 ettt ettt ee et e e e en e et eent et e et e et et et e et et e et e en e et e et e e e et e e ens
-~ X —— TRKX0=0.5 RS
L i . TRK X0 =0.7 B SO a0
\;: - bq) :
[} B . -
© | . 4 :_ AR R TR
1= : ° ;___/____. """"""""""""""""""""""""""""""""""""""""""""""""
- 2 i'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.;'.:.;'.'.4.'.'.'.'.'.'. N
- : e ’ e
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Particle ID with longitudinal segmentation

_ o Topology of longitudinal energy
electrons pions . . .
o iy deposits in different layers

Electrons of 45 GeV in Timing layers Pions of 45 GeV in Timing layers . +/
provides clear electron / it
§ —4— Timing: total energy § c —4— Timing: total energy
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Particle ID with time-of-flight

Phase2 Simulation sy, = 5.02 TeV

ﬂ 17_ Erob 0T T | I I I I | I I | I ]
~ - ) ' :
o Excellent time-of-flight capabilities — .- | CMS -
for particle identification: i - Preliminary
1.5 _ 1 ]
o Time tagging of MIPs with ~30 ps - Hyd:est 1= 10°
time resolution with single layer 1.4 h1| < -
=« See MTD in CMS Phase 2 upgrade - | 1
1.3 -
o Time resolution of 30 ps to e.m. showers E i P
with E >20 GeV 1.2 KJE -
with the ECAL (rear) segment(s) - .
= See Phase 2 CMS ECAL Upgrade e
- T
1=
B I 10
B | I 11 i i ‘ k | [ 1 | | | 1 | | | | | 1 | :
% 1 2 3 5

4
p (GeV/c) 4


https://cds.cern.ch/record/2667167/files/CMS-TDR-020.pdf
https://cds.cern.ch/record/2283187/files/CMS-TDR-015.pdf

Cost-power drivers and optimization ..

SiPMs
89%

e Channel count in SCEPCal is limited to ~2.5M
o 625k channels/layer (2 “timing layers” + “ECAL
layers”)

Crystals
81,0

e Cost drivers in ECAL layers (tot “95M€):

. NN
o ~81% crystals, 9% SiPMs, 10% z ot ECAL cos
_ _ : N N | forEcae
(electronics+cooling+mechanics) 2
~ o o O 10° _m\,_\ 3 Doy —— B
o 19% of cost scales with channel count e — =
e Power budget driven by electronics: ~74 kW _._y“lmt
5 18 ) 5 kW/l aye r B I ; :g:g 2:32:::3 ........... > \\\~\\,\\ .............................
—+— 3long. segments "~ RN N
| —+— 4long. segments S N N
e Room for fine tuning of the segmentation and of the detector " s
performance/cost optimization (see backup) ngstal wansverse width (o
v

Reference design:
1 cm?, 2 segments
cost ¥ 95M€

49



Integrating excellent ECAL with excellent HCAL

o Ultra-thin solenoid (~0.6X,) between ECAL and HCAL
e Ease the HCAL design (cost/performance) from the ‘burden’ of e.m. resolution

Geant4 view ‘

rear side |
© © 00000 00000000000

Brass capillaries
OD=2 mm, ID=1.1 mm

Solenoid

[ oo

1X, 6X, 16X, 0.7X,
[ L L L

. . : \
T T ] 90 0000000060006 06060600600
~1A, 0.16A; °: : i ; i F o

Geometry inspired by
the presentation of

V.Chmill
at FCC-ee workshop 20



https://indico.cern.ch/event/838435/contributions/3658383/attachments/1970617/3277853/20200116-TenKate_-_FCCee_Detector_Magnets_Thin_2T_Solenoid.pdf
https://indico.cern.ch/event/838435/contributions/3658379/attachments/1970244/3277159/3rdFCC_Val.pdf

Reference dual readout HCAL

e HCAL-only performance studied by selecting events that do not interact in the ECAL

e Dual readout correction works as expected,
> delivering ~25%/VE @ 1% to hadrons
o linearity and gaussian distributions are restored

. : L
DRO correction for C energy resolution to K%
£ 8000 Ll
8 = —180 ~ ——m——  Pure HCAL cher only: 0.72 /VE & 0.086
U\J 7000 - 0 s Pure HCAL scint only: 0.32 /VE & 0.069
g 5000 C | —®—— Pure HCAL (S-based DRO): 0.25 NE ©0.010
% - | = Pure HCAL (C-based DRO): 0.24 /VE @ 0.014
S 5000
8 C
X 4000
C r . RS
o - 10
@ 3000
c u
O C
2000
1000 —
: 1072 1 1 111 | 1 1 1 1 1 1 L1 |

(=)

10 10
Beam energy [GeV]

=:| «— cher only

«— scintonly

- | «— DRO corrected
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Response to e.m. showers channeling at0 deg

e Energy resolution: wfE- 1
~17%/V(E) @ 2% (at O deg angle) s
e Non-uniformities for impact angles <~3_E©
deg =
(requires non-pointing design?) E
N B IE T
Scintillation - 60 GeV Cherenkov - 60 GeV Total - 60 GeV

y [mm]
y [mm]
y [mm]

x [mm]
response drop in brass tubes 52
and air gaps




Combini

1. Correctt
2. Correctt
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3. Calibrated sum of ECAL+HCAL
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@) 1k
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Implementing dual readout in crystal ECAL

e First test of combination of a DRO crystal ECAL with DREAM HCAL back in 2009 with BGO
modules (N.Ackurin et al., NIM A 610 (2009) 488-501)

— T T | LA S

-

48%/\/E + 1%

e Total signal
4 S signal
* C signal

0.10

Limited by poor ECAL
e.m. energy resolution

~3x3x24 cm?3 tapered crystals
from L3 readout with PMT
without optical contact

0.05

Energy resolution (G/E)
&

IC

Beam

025 0.20 0.15 0.10 0.05 0
— WE DCl DC2

Fig. 8. The energy resolution of the BGO ECAL as a function of energy, for electrons
with energies ranging from 20 to 200 GeV. The relative width of the distribution,

ITC
hY

T N. Akchurin et al / Nuclear Instruments and Methods in Physics Research A 610

%\A

i

o/mean, is plotted versus the beam energy, separately for the scintillation and
Cherenkov components of the signals, and for the total signal, integrated over the
first 115ns. See text for details.

Affected by leakage fluctuations

™ Leakage counter

Average Cerenkov signal (GeV)

200

100 |-
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Successful demonstration that DRO principles also apply to a hybrid
calorimeter system (despite many experimental limitations!)

ra

—— R=021'+ 079 fu
-—----- Stand-alone fiber module
— BGO + fiber module

0.2 04 06 0.8 1.0
Electromagnetic shower fraction, f.



https://reader.elsevier.com/reader/sd/pii/S0168900209016039?token=6EF6420FA983BF7BF51E463BDE9E46A4755AB57D2DC6A53554BF0F379AE2EF208D1FF99BAE855D42F14859F9D39B7019

Technological advancements (SiPMs)

e Many technological advancements in the field of photodetectors
e Compact and robust SiPMs with small cell size (high dynamic range) extending and enhancing
sensitivity in a broad range of wavelengths

14
FBK

SiPM Cell, top view

Cell size

Std. SiPM | RGB-

3{=1e HD

15 ym

0.1

(L=4.5um)

2nd layout gene

RGB-HD SiPM technology

| RGB-HD|(L<2um

L?HQD*’*‘

1st technolog

‘ (L=7um)
/ Improving fill factor
for small cell size!
0 10 20 30 40 50 60 70

Cell size {(um)

50-75 um cell size
High sensitivity:
PDE up to 75%

-@ 45
2. £ Hamamatsu
o 40— -
O 35
eV =
< =
@ 30— _——
W s 2018 version
o C
20—
15—
10F
51
O: II|IIII|IIII|IIII
3 35 4 45

ngh dynamlc range:
~4500 cells/mm?
PDE up to 50%

Over-voltage [V]
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Cherenkov detection in PWO and BGO

e Sensitivity in both the UV and infrared region with Silicon Photomultipliers

e At least two crystal candidates for a compact, cost-contained ECAL with DRO capabilities:
o PWO (e.g. CMS) and BGO (e.g. L3)

o Detect Cherenkov photons in either the UV (BGO) or infrared region (PWO)

0.4

~
~
~
~
~
~
S
~
~
~

0.2

1
.

PWO
— 1.4
> B Scintillation
< [ —— Cherenkov
‘— 1.2l ---- Transmittance (2 cm)
> L Transmittance (20 cm)
‘0 - ---- FBKNUV-HD SiPM PDE
c 1‘_ - -- - FBK RGB SiPM PDE
Q B )
£ -
. >
5 . .
o L infra-red optimized
oc 06 SiPM

; UV optimized \‘\-___ el
oo/ | |SIIP'YI TR MM% |/
800 400 500 600 700 800 900

Wavelength [nm]

Cherenkov photons
above scintillation peak
are much less affected by
self-absorption

~10% of signal from Cherenkov in CMS ECAL
(N_Akchurin et al.) increasing due to radiation damage that

filters out the UV scintillation component!

BGO
— 14
S B Scintillation
S, 12 | —— Cherenkov
> =L .
:5') B Transmittance
[ - Hamamatsu SiPM PDE
L ¢
£ L
2 o8l
= L
(_U -
&J 0.6—
0.4|-
B ~1 AZ
0.2 /
i 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 I 1 | 1 1 1 1 | 1 1 1 1
:900 400 500 600 700 800 900

Wavelength [nm]

BGO has a larger stokes
shift, wider range of
transparency for UV
Cherenkov

Cherenkov signal detected and exploited for timing
applications even for electrons from 511 keV y-rays!
Stefan Gundacker et al., 2020 Phys. Med. Biol.65 025001
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https://iopscience.iop.org/article/10.1088/1742-6596/110/9/092034/pdf
https://iopscience.iop.org/article/10.1088/1361-6560/ab63b4/pdf

Validation of Geant4 ray-tracing simulation

e Geantd simulation for ray-tracing of Cherenkov photons validated

e Reproducing experimental results from test beam

beam

Fig. 2 The PWO matrix consisted of seven crystals with dimensions of
3w 3 x 20em’, These were arranged as shown in the figure and the beam entered
the matrix in the central crystal. All crystals were individually wrapped in
aluminized mylar. Both the upstream and downstream end faces were covered
with filters. See text for details.

4/29/20

F. Bedeschi, G. Gaudio, et al. https://www.sciencedirect.com/science/article/pii/S0168900212014520

Geometry and material description in the paper

>

.
r g
r g

»

PMT1

Y V VY VY

7 crystals with dimensions of 30 X 30 x 200 mm?

All crystals were individually wrapped in aluminized mylar.

Hamamatsu R8900-100 tubes

Both the upstream and downstream end faces of the matrix were covered
with a large optical transmission filter (U330 or UGS5)

Silicone cookies were used to reduce the light trapping effect PMT
25 x 25 x 5 mm?3
PMT2

Silicone gap ! \ PMT window

refrac_idx 1.403 refrac_idx 1.525
25 x 25 x 0.1 mm?3 25x 25 x 0.8 mm3

Crystal wrapped with aluminum sheet of 0.985 reflectivity
0.1 mm silicone gap between crystal and PMT Borosilicate glass window
Interface between gap and PMT window is set as the filter

UMD Meetipg, Yihui Lai 1

PMT surface is set as sensitive

Filter transmission

Absorption coefficient (m*!)

S
w

<
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e
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- v r
«  Emission scintillation light a |

0
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~ b
~ i 3 .
020 F ~ — — Emission Cerenkov light ]
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0 . . .
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MC to data comparison: simulation predicting
~40% more Cherenkov photons (fine tuning ongoing)

Filters

No filter /No filter
No filter/U330
No filter/UG5
U330/U330
U330/UG5

Detected photons
(50 GeV e-) (50 GeV e-)
Upstream downstream
9950 14860
9146 781
9199 1278
517 774 650
513 1246 1250



Ray-tracing in the SCEPCal

e Study impact of various parameters on light
collection efficiency for both S and C:

o LCE grows linearly with SiPM active area
o LCE grows with shorter crystals

2 SiPMs

Rear segment

Front segment

Light Collection Efficiency

Light Collection Efficiency

o
=

0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02

0.01

107!

102

10°°

Light collection efficiency for rear SCEPCal crystal

E —— SiPM1mm
= —— SiPM2mm
& —— SiPM3mm
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- —— SiPM5mm
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5. photons (S) : : :::Jﬂj
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Z(mm
- —— SiPMimm I
I —— SiPM2mm .
— SiPM3mm Y Lal

SiPM4mm
—— SiPM5mm

-  Cherenkov

-~ photons (C)
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z (mm)

SiPM
side
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SCEPCal key teatures for DRO optimization

x2.7 <--

Light Collection Efficiency

0.12

0.1

- 0.08,

High granularity increases light collection efficiency (both C and S)
1 cm? cross section compared to ~ 3 cm? in L3/CMS

(@)

(@)

crystal length reduced by ~2x

SiPM active area can be tuned to achieve target resolution (stoch. term)

light collection efficiency increasing linearly with SiPM area
SiPM with smaller dynamic range but high PDE can be selected for C-detection

(@)

II|III|I

J

SCEPCal rear crystals

1 I 1
100

1 1
150

L30mm_SiPM5mm
L50mm_SiPM5mm
L100mm_SiPM5mm
L150mm_SiPM5mm
L200mm_SiPM5mm
L250mm_SiPM5mm

Photostatistic term (@ 1 GeV) [%]

—_
o
T

L — PDE=20%

— PDE=40%
—— PDE=50%

1 1 1 1 111 1 1 1 1 1 11 | |
1 10 182
SiPM area [mm®]

Photo-statistics term for S can be
tuned by increasing the SiPM active
area down to <2%
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Photo-statistic requirements for S and C

Poor S directly impact the
ECAL resolution stochastic
term

(even without DRO):

o S$>400 phe/GeV to limit the
contribution to HCAL stoch. term
below 20%

A limited resolution to C
(photostatistics) impacts the
C/S and thus the precision of
the event-by-event DRO

correction

o C>60phe/GeV to limit the
contribution to HCAL stoch. term
below 20%

o /E

ECAL+HCAL DRO (stoch. term)
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DRO in the rear SCEPCal segment only

o Majority of the energy deposit from hadron is in the rear ECAL section

o Dual readout can be implemented in the rear section only
o No degradation in performance wrt a full (front+rear) DRO ECAL
o +50% in channel count wrt to non-DRO ECAL can be mitigated by decreasing
granularity in the rear compartment where shower radius is larger

Counts

doubling SiPMs for DRO
only in the rear section

o102

i \ most of the events with

<10% of kaon (ECAL) energy 120 GeV

in the front layer

—5GeV

— 10 GeV

— 15 GeV
30 GeV
60 GeV

— 300 GeV
4
——
. —t
%=
—_——
—== =
- S
o I
- kaons ot

[ A | | |

| | |

0

) N S N N I v
01 02 03 04 05 06

) Y S N |
07 08 09 1

ECAL, front ECAL, rear
E /E

dep

dep

o/ E

107

1072 -

—®——  Pure HCAL (S-based DRO): 0.25 NE @ 0.010
F ——4&—— HCAL+ECAL (only HCAL dro): 0.42 /\E & 0.025

HCAL+ECAL (only rear ECAL dro): 0.28 NE @ 0.020 )
HCAL+ECAL (dro corr): 0.27 /VE ® 0.021 '

10 | 10
Beam energy [GeV]
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Summary

o Highlights of a segmented crystal ECAL (SCEPCal):

o Excellent DRO hadron calorimetry with 27%/V(E) € 2% is achieved with a
segmented crystal EM calorimeter in front of the thin solenoid in the IDEA
detector

o Addition of ¥3%/V(E) @ 1% EM resolution for photons and brem recovery for
electrons

o Enables efficient pre-clustering of pizero photons, shown to reduced photon
misassighnment in the 4th jet by a factor of 4.5 and the 6th jet by a factor of 8 -
impacting 2/3 of all HZ events.

e Optimization of DRO capabilities:
o Methods to extract C from rear crystals significantly improved with SiPMs and
shorter crystals, relative to previous tests (2009 DREAM+BGO, 2013 BGO/PWO
DRO studies)

o Option for interleaved pure-C radiating crystals with PWO also being studied.

e Combination of DRO ECAL and DRO HCAL allows for separate optimizations of channel count,
readout and cost
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https://reader.elsevier.com/reader/sd/pii/S0168900209016039?token=6EF6420FA983BF7BF51E463BDE9E46A4755AB57D2DC6A53554BF0F379AE2EF208D1FF99BAE855D42F14859F9D39B7019
http://dx.doi.org/10.1016/j.nima.2012.11.105

Additional slides




Outlook

o Progress on standalone simulation for further cost/performance
optimization of the SCEPCal layout and its integration with a DRO HCAL

o Experimental (beam) tests to consolidate parameters

o Looking forward to a more quantitative PFA benchmark for a comparison
of calorimeter designs



Events

Jet composition

e 30% photons, 50% charged hadrons, 10% neutral hadrons
o Neutral hadrons are mainly kaons with mean energy of ~5 GeV

HepSim: Z-> bb (e*e- @250 GeV) HepSim: Z— bb (e*e” @250 GeV) HepSim: Z-> bb (e*e- @250 GeV)
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Crystal based Spaghetti Calorimeters

o Technology wise, a lot of progress in high granularity crystal calorimeters

- New materials and new production processes
o Undoped LUAG crystals as excellent cherenkov radiators

o Crystal based SPACAL being studied for LHCb HL-LHC upgrade

LusAlsO12 Undoped:
p =6.73 g/cm? Cherenkov radiatior
X, =1.41 cm Cerium-doped:
A =23.3cm Good scintillator

lllll

Refractive index, n = 1.86

LELL
) | L1
1 .

L1
LELLN

Test beam results of a high granularity LUAG fibre calorimeter prototype (

)

Formerly for “Studies on sampling and homogeneous dual
readout calorimetry with meta-crystals”



https://iopscience.iop.org/article/10.1088/1748-0221/15/05/C05062/pdf
https://iopscience.iop.org/article/10.1088/1748-0221/6/10/P10012/pdf
https://iopscience.iop.org/article/10.1088/1748-0221/11/05/P05004/pdf

Increase of C/S ratio in irradiated PWO crystals

o An example of high wavelength Cherenkov detection

o Radiation damage in PWO crystals filtering out the scintillation and enhancing the relative
contribution of C photon (with lambda>500 nm) to the signal
o Pulse shapes also get faster

From “Evolution of the CMS ECAL Performance and R&D Studies for Calorimetry Options at High Luminosity LHC”, M.Lucchini

g 100 - PbWO non irr _trapsmission , g_ 1 i i Q : :
§ 90~ Eﬁmg U: nsm:(mn H”‘? S 3 [ —e— Total Light Output i —— non-irradiated crystal
- oy cherenkov spectrum - iy 5
7 8oL T PbWO scintillation emission 5 " —a— Scintillation fraction %_ 'uind =37m
B4 - ; ) R 1
E - QF pialkal w&ﬁlww ~ 10" X —=— Cherenkov fraction "} £ Mina = 3.8m K
§ 70 oy ; \ < Mg = 106
= - y 3 \ = = ]
60 - <\ g u =10.9m
50- 107k IS
] :: // 3 \ %’ g
40¢ / : y T \ o \
H / =
30 j\ ; X . \
/ : ‘“«“\A@
10 T\“" I — ’:
i I‘“W\I_V\III L1 |\\|k\\“'r'r IO 104‘ TR SRS R T—— l ! L TR T
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Figure 4.5: Left: wavelength dependence of Cherenkov and scintillation light compared with 20 39 40
the transmission of hadron damaged crystals and the quantum efficiency (QE) of the photode- Time (ns)

tector. Right: contribution of scintillation and Cherenkov signal to the total light output at
different ji;pnq.
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https://cds.cern.ch/record/1975537/files/CERN-THESIS-2014-197.pdf

Linearity (SCEPCal + DRO HCAL)

Gaussian distributions and response linearity restored
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More on performance/cost optimization




Detector cost drivers

° Crystal (0) ptio NS CMS ECAL PWO crystals

o LYSO:Ce for timing layer (optimal choice for the CMS MTD) g
> PWO (very compact - CMS and PANDA ECALs preferred choi¢ ==
o Many other crystals on the market may allow further optimi® B

o Crystal costs used as reference

o Quotes from crystal vendors

m PWO: ~7€ /cc (for 10 m3, cut and polished)
m LYSO: ~30€ /cc (for cut, polished and wrapped elements) 3

e SiPMs

o Recent estimates from CMS Upgrade experience:
m  ~6€/SiPM (9x9 mm? active area)
m can embed a LED for monitoring: additional ~1€/channel

o Cost constantly dropping and technology improving in the Iz
m canaim at a factor ~2-4 reduction in the next decade
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Cost and power breakdowns for SCEPCal

T1+T2 (TIMING)

E1+E2 (ECAL)

# of readout
channels

Total cost (barrel+endcaps)

~124 M€

Area barrel 53 53
Area endcap 19 19
Total area (barrel+endcaps) 72 m? 72 m?
# Channels barrel 977k 859k
# Channels endcaps 344k 374k
Total # of channels (barrel + endcaps) 1.3 M 1.2 M
Crystal cost 10 M€ 78 M€
SiPM cost (+monitoring for ECAL only) 8 M€ 8.5 M€
Electronics cost 5 M€ 4.5 M€
Cooling+power+mechanics cost 5 M€ 5 M€
Sub-total cost (barrel+endcaps) 28 M€ 96 M€

SiPMs (kW)

Electronics (kW)

Sub-total (kW)

Total (kW)

T1+4T2
(TIMING) E1+E2 (ECAL)
~1.3M ~1.2M
2.7 2.5
34.3 33.5
38 36

~74 kW
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PWO - electrons (TRK O.1X0)

—e— Crystal length = 14.6 X0
—e— Crystal length = 16.9 X0

Crystal length = 20.2 X0

Crystal length = 21.3 X0

[N Crystal length = 22.5 X0
10 Crystal length = 23.6 X0
C @ Crystal length = 24.7 X0

Optimization of crystal volume ¢ e

e Crystal pointing geometry
—>reduce by ~20% crystal volume and channel count

I | T | %

el il = o S
I I -l' _I-.-"-l'l_l-_:l-l.a e 1111 | 1 111111 1 | | 1 1 |
i Frel O T 5% D T e 10” 10%
L "3;‘14‘/[)":( AL aeag 5 1 Beam é%ergy [GeV]

e Optimizing crystal length vs energy resolution
o with 20 X, contribution to constant term from
shower leakage comparable to intercalibration a5
precision: O(1%)
o no substantial impact on stochastic component
(negligible wrt photo-statistics term of ~4-5%)

6./E @ 1 GeV (shower fluct. only)
FooN 0 T 6./E @ 45 GeV (shower fluct. only)

o E)/E [%]

Lo by by I PR R R NN T T N R T N
14 16 18 20 22 24

Total crystal length [XO0]




Fraction of energy deposit per channel in E1 Fraction of energy deposit per chanrel in E2
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Optimization of segmentation

Segmentation optimized for performance/cost:

o Transverse segmentation:

- 1cm ~ R,/ 2 (half Moliere radius)

o Longitudinal segmentation: 2 segments
—>particle ID with no dead material at
shower max
—>simple for readout and services (front and
rear)

Impact of ch. count on overall detector cost <20% for
baseline segmentation choice
Total cost ~ 95 M€

o
S L Lo
L_ij ——total ECAL cost
= - - - channel cost
(%2}
Q N
© 10°
—— crystal volume cost "~ _ :
| —— 1long. segment ... . £SO S
—— 2 long. segments :
— 3long. segments "~ -
4|~ 4long. segments M S e S
10°; 5long. segments oo ‘\\ .................... > \\\\ .....
_ —— 6 long. segments fﬁfifﬁﬁﬁﬁ{ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ.‘ﬁﬁf'ffffffﬁffiﬁﬁﬁﬁlﬁlﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁf'ﬁffffﬁfﬁfﬁﬁﬁﬁijlﬁ
L ) 1 1

Crystal transverse width [cm]

v
Reference design:

1 cm?, 2 segments
cost ¥ 95M€



More on SiPM readout




Event

Fraction of S and C photons detected with dual SiPM

-  —— S produce » RGB and UV SiPM are used to detect Cherenkov and scintillation
- Y]al — sanivesipm photons
= ~ Coprod \
1 = —_—c zriv:z?pm ~ All the photons detected by UV SiPM are considered as S
- —— S measurement # The 550nm filter is added to RGB SiPM, so only photons with
10 T Cmeasurement - wavelength > 550nm could be detected. In this region, C is dominant
- » The left plot shows spectrum of S and C when they are produced,
1 02:_ ~arrived at the end and collected by SiPM
= # The number of photons at different stages are shown in the table
- N below, but it is a rough estimate, as the scintillation spectrum we are
08 T using is clearly rough up when wavelengths > 550nm.
wavelength (nm)
Generate 4.5x10°/GeV 5.655x10%/GeV
VIS Longpass Filters
% — Arrive atthe End 5% 3.8%
80 e 400nM
£ —
s 60
F 50 500nm
LK — sstom Detected by SiPM UV (1.1%) UV (0.49%)
i - — = RGB (0.014%) RGB (0.28%)
T 550 650 750 850 950 1050 1150 UMD Meeting, Yihui Lai \\*1.. _ N . 4 '6
Wonegh () Misidentification as C



Dynamic range with SiPM

o 15 um cell pitch has high PDE (up to 50%) - optimal for T1 and T2
(timing)
o 10 um cell pitch has larger dynamic range - possibly better for E1, E2

( ECAL) Ratio of number of photoelectrons at
1 GeV over SiPM available cells

3
10000 o 1000X10 ® 400
- = E [@)] -
o SR =200 8 E c r —— SiPM cell size: 10 um, PDE=20%
&5 9000 PDE=20% O 900 —— g ize: S 350l ; 1ze. TV L, °
© "F s f SiPM cell size: 10 pm S0 __ SiPM cell size: 15 um, PDE=20%
8000— —40° O 800 ) . = F ---- SiPM cell size: 10 um, PDE=40%
® %% PDE=40% =T Sp— : € 2000 ; 128, 2 K, °
= 7000 P ob SiPM cell size: 15 pm @ *F ---- SiPM cell size: 15 um, PDE=40%
c = © = >
S 6000 L 600 0O 250
3] = - -
o) - & c
© 5000— S5 500 200[—
S - Z E C
© 4000 400~ 150
o C C C
4= 3000[— 300— C
8 E E L0 ettt bttt tefedettedetebetetebetetesbetete
9 20005— 2005— -
% 1000~ 100 B0 mm o s s oo e
< - s Fu | ! | | | | | ! |
00 10 20 30 40 50 60 70 80 90 100 00 10 20 30 40 50 60 70 80 90 100 OO‘ - I10I - I20I - I30I - I40I - I50I - I60I - I70I - I80I - ‘90| - ‘IIOO
SiPM area [mm2] SiPM area [mm2] SiPM area [mmz]
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More Geant4 simulation




SCEPCal layout overview

Timing SCEPCal HCAL
Tracker .
Crystal grid Segmented Crystal ECAL (dual readout)
T14T2 E1+E2 = 24X
1.8 m, ~0.3 X,, Si 0
m or ! 0.8X,

E1 E2
I 6X, 18X,

5 mm Al [0.056X,] / layer
for cooling, services

Ultra thin
Solenoid

<0.17,
<0.6 X,

A

—>

1\,

A

2 layers

2 layers

v

v

A

~8A\
) no longitudinal )
segmentation ”



SCEPCal Geant4




Electron momentum at ECAL
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Electron momentum at the entrance of ECAL smeared by 0.3 %
120 GeV electrons
Adding back brem photons with ECAL resolution
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10 GeV i - yy (Geant4 events display)
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