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Introduction

Update of performance studies of the CLD detector

@ Full detector simulation and reconstruction is done with iLCSoft

o Geometry description with DD4hep package

@ Reconstruction framework Marlin

e Tracking with conformal tracking and particle-flow reconstruction with PandoraPFA

Content
@ Overview of the CLD detector model

Beam-induced backgrounds

Tracking performance

Particle flow event reconstruction performance

Further detector optimization
Summary

[
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https://github.com/iLCSoft
https://github.com/AIDASoft/DD4hep
https://github.com/iLCSoft/Marlin
https://indico.cern.ch/event/783429/contributions/3376673/attachments/1829843/2996302/CEPC_Workshop_ConformalTracking.pdf
https://github.com/PandoraPFA

CLD detector model

\ Overview

Tracking system

Calorimeter

D)
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CLD detector model

Rm]
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Fe - Yoke

Steel - HCAL Steel - HCAL

W-Si ECAL
21

Si - Tracker

rerrrri

CLD model

Inspired by CLICdet design

2 T magnetic field
(constraint from the machine)

Low mass vertex and tracker
(conformal tracking as the main tracking
algorithm)

Fine-grained ECAL and HCAL
optimized for particle flow
reconstruction

Full detector simulation with support
structures, cables and services
included in the model

2.3 3.7 547 [m
Oleksandr Viazlo Performance of the CLD detector for FCC-ee 4/ 26



Tracking system

Vertex detector i

@ Silicon pixels: 25x25p.m2
@ Single-point resolution: 3 pm

@ 3 double layers in barrel:
r=17,37,57 mm

@ 3 double endcap disks per side:
z =160, 230, 300 mm

@ Material budget: 0.6% X, per
double layer

491 m

Tracker detector
@ Silicon pixel and microstrips
detector
@ Inner Tracker:

T T
[ Outer tracker
[ Inner tracker

X 30

0

> [l Vertex detector
o 3barrel layers, 7 disks per side X I Beam pipe
@ Quter Tracker: % 2
@ 3 barrel layers, 4 disks per side a
@ Single-point resolution: T 10
@ 7 umx 90 um o
o except 1st IT disk: 5 um x 5 um g

@ Material: 1.1-1.6% X, per layer 0

0 20 40 60 80
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Calorimetry

Electromagnetic Calorimeter g 10 75& -
@ Si-W sampling calorimeter f‘:’;’ sk o
o cell size 5x5 mm? é oF ]
@ 40 layers (1.9 mm thick W plates) '§ b
o Depth: 22 X,, 1 A;, 20 cm 5 4 E

2F E
%

Hadronic Calorimeter
@ Scintillator-steel sampling calorimeter
o cell size 30x30 mm?
@ 44 layers (19 mm thick steel plates)
@ Depth: 5.5 A;, 117 cm (inspired by ILD)
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Beam-induced backgrounds

k) in tracking system

in calorimetry system

D)
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Beam-induced backgrounds at FCC-ee

@ Synchrotron radiation
- Appropriate masking stops SR photons from hitting the central beam pipe

- Small effect
. I
@ Beamstrahlung induced backgrounds -~ 5° Pars
- Incoherent e"e ™ pair production @~ i /@
- v~ — hadrons (small effect) E A
@ Beam-gas interactions and radiative Bhabhas Beamstrahlung
- expected to have small effect
VXD Barrel VXD Endcap
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Beam-induced backgrounds at FCC-ee

Deposited energy [GeV / 10 cells / BX]

@ The energy from incoherent pairs deposited in the ECAL and HCAL
@ Has been studied as a function of z in the barrel and as function of radius in the

endcap
Barrel
03— —
F —e— ECAL Barrel
0.25F ]
r HCAL Barrel
0.2F =
0.15 ; ]
0.1; ]
0.05F 7
0 L. . O\ Pon oGk, o
-4000 -2000 0 2000 4000
Z [mm]

Deposited energy [GeV / 50 mm / BX]

Endcap

L —e— ECAL Endcap 4

3 I HCAL Endcap _]

2 8

b % ]
L OM
L PR | ! ")

Radius [mm]

@ Energy deposits reach up to 0.1 GeV / 10 cells in ECAL Barrel and 4 GeV / 50 mm
in HCAL Endcap
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Tracking performance

\> with isolated particles
in complex events

flavour tagging

D)
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Tracking performance with isolated particles

@ Performance studies have been done with conformal tracking
(pattern recognition algorithm developed for ultra-low mass tracking systems)
@ Tracking performance with isolated muons:
@ resolution calculated as width of the Gaussian fit of the residual distribution

Momentum resolution d, resolution

T I T ’g T T T
ingle
0=10deg = 10° E Single p E
9=30deg 4 = E o p=1GeV
o = =T
= 0= 89 deg 3 Eo 2 Ps100GeV i
oo -2 @ b/ (p sin®?0) - 5 (a*+b/(p"sin(6)"))
- 3 L 10°E o a=>5um E
E . b=15um/GeY
10 E E
107 L L L 1 L L | |
1 10 102 20 40 60 80

p [GeV]

o Transverse momentum resolution: ~ 7x10°GeV ™" for 45 GeV muons in barrel
— 125-150 MeV accuracy on muon momentum

@ Achieved desired transverse impact resolution:
a=>5um, b =15um/GeV (dashed line on right plot)
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https://indico.cern.ch/event/783429/contributions/3376673/attachments/1829843/2996302/CEPC_Workshop_ConformalTracking.pdf

Tracking performance with isolated particles

@ Effect on d, resolution with different vertex detector layout

+50% of VTX material budget variation of single point resolution
—_ T T T T — :
E 3| single w i E
2 10 2 Blivew =
- i ® . i:ug?lev tBudget VTX + 50% -
3 i © b2 0oV, matbudget VX + 50% 3
B 1eE & PTmemmemwenesn I} B S VDd it i
F o, T 102 ¢ 3
r s s . E ) E
L LI E o * ., .. 1
10F 8 . E I ¥ 1
F o B8 s h s 10 3 i LI L 3
N Lo ., . . N F N 7o ]
1 1 Il Il 1 1 1 Il T N ? °
20 40 60 80 20 40 60 80
0 [deg] 6 [deg]

@ Mild impact with +50% increase of vertex detector material budget

@ Strong correlation of d,, resolution with single-point resolution particularly at high
momenta
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Tracking performance with isolated particles

@ Tracking efficiency with isolated prompt and displaced muons:
o efficiency = fraction of reconstructed particles out of the reconstructable

—_
o
=

-

Tracking efficiency

@ Tracking is fully efficient starting from ~10°

@ reconstructable particle:

o pr > 0.1 GeV
@ |cosf| < 0.99

@ # unique hits: 4 for prompt; 5 for displaced tracks

Efficiency: prompt tracks

<+-p=1GeV
- p =10 GeV
—4p =100 GeV

% I Single p°

20 40 60 80
0 [deg]

Tracking efficiency

N
N M O

N
[N

0
0

Efficiency: displaced tracks

—_

[ Displaced single p~ .
[ 0<y<600mm, 80<6,0<100deg 1
Fp=1Gev

[ ——p=100Gev 3

4 p=10GeV 3

I I 1 —

Il
100 200 300 400 500
vertex R [mm]

@ Tracking algorithm successfully reconstructs displaced tracks:

@ sharp drop at ~400 mm corresponds to position of 8-th silicon layer
— not enough hits for track reconstruction (5 hits per track is required)
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Tracking performance in complex events

@ Tracking efficiency with light flavour di-jets Z — gqq (9 = u, d, s) with and without
beam induced background:
e additional requirement on track purity > 75%
@ purity = #hits left by MC particle / #hits in track

91 GeV 365 GeV

-
T
i d

Tracking efficiency
o
©

‘ i

Tracking efficiency
o
© —_

Z-qq(q = u,d,s), m, = 91 GeV 0.8 ; Z-qq(q = u,d,s), m,= 365 GeV
—4— No background 3 —4— No background
—+— e*e” incoherent pairs overlay i —+— e*e’ incoherent pairs overlay

07 1 1 1 07 7\ 1 1 1
10
p; [GeV]

o
©

@ Tracking is fully efficient from p; ~ 500 MeV
@ > 90 % efficiency for low momentum tracks (pr = 100 - 500 MeV )
@ Robustness against beam background both at 91.2 and 365 GeV
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Tracking performance in complex events

Tracking efficiency

@ Tracking efficiency with di-jets Z — bb:

-

o
©

o
©

107 1 10

o fake rate = the fraction of reconstructed tracks with purity < 75%
o purity = #hits left by MC particle / #hits in track

Efficiency
T T
- .
3

1

bb, EcM =365 GeV /|

—4— No background

—+— e*e incoherent pairs overlay

Il Il

102
P, [GeV]

Fake rate

Fake rate
3
=

102 F

10°F

bb, ECM =365 GeV
—4— No background |
—+— e*e’ incoherent pairs overlay n

10
107

1 10 10?
P, [GeV]

@ High reconstruction efficiency with per cent level of fake rate
@ Slight degradation of efficiency at higher energies — additional tuning of algorithm

@ The effect of the background is negligible

parameters is needed
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Flavour tagging efficiencies: first results

@ Heavy-flavour tagging efficiency for forward region (9 = 30°):

e comparison of tagging efficiencies with using conformal and truth tracking
e truth tracking = assuming perfect pattern recognition

FCC-oe work n progress b-tagging c-tagging

FCC-ee work in progress

. - — : o
= [ Dijet events, E_, =365 GeV, 6 =30° E =  Di-jet events, E_, = 365 GeV, 0% 30°
7] F / E ) E o
S S I Py 1
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I Truth tracking 4 e Truth tracking
10+ | Conformal tracking _ 1070 E Conformal tracking -
o L i L l 3 — b I I E
g [ Charm contamination g Beauty contamination
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s} i o E
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0.5 0.6 0.7 0.8 0.9 1 0.6 0.7 0.8 0.9
Beauty eff. Charm eff.

@ b-tagging at 80% eff.: =~ 20% miss-id. for ¢ and ~ 5% for light flavour
@ c-tagging at 80% eff.: ~ 25% miss-id. for b and = 40% for light flavour
@ Some deviation between truth and conformal tracking — work is-ongoing
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Particle flow event reconstruction performance

\\t jet energy resolution
W-Z mass peak separation

D)
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Jet Energy Resolution

@ Event reconstruction is done with PandoraPFA particle flow package

o JER is studied with di-jet events using Z — q@, (9 = u, d, s) at v/s = 91.2 — 365
GeV
e JER is calculated as the energy sum of all reconstructed particles
o RMS90 is defined as the RMS in the smallest range of the reconstructed energy
containing 90% of the events

JER vs cos(0) JER vs jet energy

'? 8 C T T T T '? 5 T T T
\é, r — 45.6 GeV Jets é, I no energy correction
@— 7 :’ 1825 Gev Jets ] @— B % —=a— with software compensation
2 I 4 5 L I i
S 6F 8 © 3 1
] L ] L
= E 4 > L
= sf et =
T e ane w-4r 7

o 4 — — o - 4
o °F v [ 7 1
= r = L 3 ]
o 3 L L L L L [ 35 Il L Il

0 0.2 0.4 0.6 0.8 1 50 100 150
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@ Jet Energy Resolutions:

o 45.6 GeV jets: 4-5 %
e 182.5 GeV jets: 3-4 %

@ Software compensation (energy regularization technique for fine-grained calorimeters)
improves results by up to 10%
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https://github.com/PandoraPFA
https://arxiv.org/abs/1705.10363

Jet Energy Resolution with background overlaid
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@ Jets are reconstructed with Valencia clustering algorithm (AR = 1.1) in two-jet

exclusive mode

@ Assuming 400 ns integration time window
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@ overall the impact of the background is negligible at both centre-of-mass energies

@ except in the forward region at 91.2 GeV, where the relative energy deposits from
background particles is the largest

@ no timing or pr cuts were applied
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The angular resolution of jets

@ The angular resolution of jets has been studied by comparing azimuthal ¢ and
polar 6 angles of reconstructed and particle level jets

0 resolution ¢ resolution
5 LA B L L B 5 L B LA B B
= [ VLC11 Jets ] — [ VLC11 Jets ]
= [ ] o [ ]
g‘x 15 . <4s6cevuets ] 'gm 15 . <ss6ceviets ]
QD r =182.5 GeV Jets i q:, r =182.5 GeV Jets
w I 1 o I
> 1F 4 = 1f —
@ I ] & [
05F ———— 05F .
0 I T S B 0 I T N B S
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
|cos(8)] [cos(0)]

@ The ¢ resolution for jets is worse than the 6 resolution due to the effect of the
magnetic field

@ Degradation of the ¢ resolution with cos(8) can be explained with detector
granularity
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W-Z Mass Peak Separation

@ Study of the ability to distinguish hadronic decays of W- and Z-bosons
@ Two processes of interest: WW — uv,qq and ZZ — vvqq (250 GeV)
e decay products from leptonic decays of bosons are excluded from the jet reconstruction

no BG
2800 B 125 GeV bosons, 400 ns, 1o BG j

| VLC11 Jets ]
600 [ —Zbosons ]

i W bosons ]
400} .
200 .

0 Fes "”*‘f‘"’*’ﬂ{ﬁ Ll | o]
50 60 70 80 90 100 110

di-jet mass [GeV]

W|th BG
2800 B 1125 GeV bosons, 400 ns, with BG f
| VLC11 Jets
600 [ —Zbosons —
i W bosons
400 .
200 .
I + +*+++#++
e I s L=
50 60 70 80 90 100 110

di-jet mass [GeV]

@ Invariant W and Z mass peaks are iteratively fitted with a Gaussian in the range
[# — o, 1+ 20] until o of the fit stabilizes within 5%

@ Fitis also done with 365 GeV background overlaid (right plot)
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W-Z Mass Peak Separation

@ The separation power is calculated from the fit parameters as:
(mZ - mW)/Uaverage (where T average = (0z +0ow)/2)

@ The separation power is calculated using two different methods:
@ the mass of W- and Z-boson is obtained as the mean of the Gaussian fit
o the mass distributions are scaled such that the mean of the fit becomes equal to the
PDG values of the W- and Z-boson mass.

background | AR | opw)/M(W) | omz/m(Z) | Separation | Separation (fixed mean)
overlay [%] [%] [o] [o]
no BG 0.7 5.94 5.75 2.19 2.16
with BG 0.7 5.95 5.9 2.13 2.13
no BG 0.9 5.26 5.11 2.46 243
with BG 0.9 5.18 5.19 2.43 2.43
no BG 1.1 4.99 4.94 2.58 2.54
with BG 1.1 5.36 4.96 2.5 2.45

@ small effect from the background
@ CLD detector provides 2.50 W- and Z-bosons mass peak separation power
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Further detector optimization

\\: ECAL optimization study
effect of central beam pipe diameter reduction

D)
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ECAL optimization study

@ Initially ECAL was adopted from CLICdet model without modification of the layer
numbers, cell size, etc.

@ Longitudinal segmentation with 40 identical Si-W layers is required for excellent
energy resolution for high energy photons which is an important requirement for
CLIC program

@ Investigate effect of reducing number of layers to 30 keeping a constant depth of
ECAL about 22 X, (increase thickness of W plates from 1.9 mm to 2.35 mm)

photon energy resolution

jet energy resolution

5,

Sl g o :
(= gl - 40 layers = : 40 layers
T 30 layers My =30 layers
= | y a5 .
ot =2 [
6 IS
r 5]
I = 4 ]
4r o | 8 8
r ~353.5 b
L mm s
2? s L
P R R B B 0:37‘|““1““|“‘f
0 20 40 60 80 100 50 100 150
E, [GeV] Bt [GeV]
@ Photon (ECAL) resolution:
oem  15.6%
@ 40 layers: —/— = 0.5%
y £ @/ ©0.5%
oy 17.6%
o 30 layers: —/— = 0.6Y
vers: Tp =g DO
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Flavour tagging efficiencies: smaller beam pipe

@ Investigate detector performance with a smaller beam pipe radius (15 mm — 10 mm)

@ New detector model with vertex detector layout adjusted to smaller beam pipe
(FCCee_o1.v04 - reference det. model; FCCee_02_v01 - model with smaller beam pipe)

CC-ee work in progress 365 GeV

FCC-ee work in progress 91 GeV F
:ng 1 E Di-jet events, E_, =9 o = % E Di-jet evenits, £, = 365 GeV, 0+ 20° E
c E i 1 = E 1
Re] [ 1 i) I 1
® 107 .‘ T 107 E
g e S E
= g E E
= E ] =] ]
= L ] c ]
3 o S . ]
O 10°F T 10 E
L / ] E
= P Charm contamination 1 = Charm contamination 1
e FCCee_o1_v04 i F e FCCee_o1 v04 1
10° E — FCCee_o2_v01 10° E — FCCee_02_v01 —
E LF contamination E LF contamination E
L — FCCee_o1_v04 T FCCee_o1_v04 ]
10 —— FCCee_o2_v01 | 10 —— FCCee_02_v01 a
— : : E = wf : + E
g E Charm contamination g F —— Charm contamination
N‘ E —— LF contamination N\ i LF contamination
° ° f ]
< 53 L ]
o o
> I > I 1
— —
o o f—  ———
1k ; : e e T
5 0.6 0.7 0.8 0.9 1 0.5 0.6 0.7 0.8 0.9 1
Beauty eff. Beauty eff.

@ Study is presented in the talk by E. Leogrande (27 Jun, FCC-ee MDI session)
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https://indico.cern.ch/event/727555/contributions/3452797/
https://github.com/PandoraPFA

Summary and Outlook

Full simulation studies demonstrate excellent performance of the CLD detector with:

Fully efficient tracking starting from 500 MeV

Excellent jet energy resolution (3-5 %) and 2.5¢ W- and Z-bosons mass peak
separation power

@ No significant effect on performance from beam-induced background
@ Promising flavour tagging detector capabilities

Ongoing studies and plans
Detector performance with reduced beam pipe diameter

ECAL layout optimization
Possibilities of more compact tracker
Increase ECAL forward coverage

Detector-MDI integration studies

Thank you for your attention!
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Particle Flow Reconstruction

@ Average jet composition:  to measure with:

. 60% charged particles — tracker
30% photons — ECAL
10% neutral hadrons — HCAL

@ Total jet energy uncertainty:

2 2 2 2
Tjet = \/ Ttrack T TECAL T THCAL t T contusion

@ High granularity of calorimeter allows to reduce
THeaL @nd o onrusion

—— THCAL \ ,— 9confusion N
C E:jﬁ)%ngﬁo%:}i}?h E%T?:gﬁ?ér:fm @ Sophisticated software to identify
than of hadronic component energy deposits from each particle w/o
confusing energies among particles

—el.-m. component of shower is denser )
@ Use local energy density to correct for o PandoraPFA uses ~ 70 algorithms

difference in responses between - address different topologies
shower components - correct identification
— Software compensation technique - avoid accidental splitting and merging
(developed by CALICE collaboration) of particles
\ 7

Oleksandr Viazlo Performance of the CLD detector for FCC-ee 28/ 26


https://github.com/PandoraPFA

Comparison of RMS90 and double-sided Crystal Ball fit methods

RMS90
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6 h
L 1
L ——— %
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0 0.2 0.4 0.6 0.8 1
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@ Overall, the two methods give comparable results, with the RMS90 method
yielding slightly more conservative values at low energy

Oleksandr Viazlo

Performance of the CLD detector for FCC-ee

29/ 26



Particle Flow Analysis: PandoraPFA

@ Fine grain calorimeters with high segmentation to achieve best possible
performance of particle flow identification:

e PandoraPFA algorithms matching information of all detector subsystems to identify and
reconstruct each particle correctly by its type: charged hadrons (assigned type: w=),
muons, electrons, photons, neutral hadrons (assigned type: neutrons)

o The main objective of Pandora algorithm is to achieve very excellent jet energy
resolution, needed to achieve the desired precision involving hadronic final states

1. Multiple tracks associated to single 2. Cluster energy much greater than track
cluster — split cluster. momentum — split cluster.
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Background in the Calorimeter Region at 91.2 GeV

Deposited energy [GeV / 10 cells / BX]

0.005

@ The energy from incoherent pairs deposited in the ECAL and HCAL
@ Has been studied as a function of z in the barrel and as function of a radius in the
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@ Assuming 20 BX (400 ns) integration time window at 91.2 GeV
@ Energy deposits reach up to 0.2 GeV / 10 cells in ECAL Barrel and 3 GeV /50 mm

in HCAL Endcap
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Single particle identification efficiency

@ Efficiency = fraction of matched reconstructed particles out of the simulated MC particles:

@ reconstructed particle of the same type as simulated MC particle
@ angular matching: A¢ < 1 mrad and A¢ < 2 mrad

@ energy matching:
- charged particles: [p™" — pPFO| < 5% piH Sample: single particles with flat
- photons: AE < 5 x o(ECal) ~ 0.75 x VE cos(0) distribution and fixed energy
Muons Pions Electrons
g 17 . ‘ ] & af ‘ I ] ‘
= ° ° 4J = =
k3 o ks
o e} o
= E = 3
Woos| 4 Wogs| ° o 4 Wogs ¢
09k Single p ] 0.9k Single Tt ] 0.9
0.85 L 085 e 0.85 L ‘
0 20 40 60 80 100 0 40 60 80 100 20 40 60 100
Energy [GeV] Energy [GeV] Energy [GeV]
@ >99% muon efficiency and 93-97% pion and electron efficiency for E>10 GeV
@ Pion inefficiency at high energies is caused by pions being mis-reconstructed as
muons
@ Electron inefficiency is caused by Bremsstrahlung
32/ 26
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Single particle identification efficiency

@ The signatures for unconverted and converted photons are considered separately
@ Photon merging procedure is used to recover inefficiency due to photon

conversion
unconverted photons converted photons
> T « o T > 1T T g
o 1Foo o o B o r M o
5 T8 gl : °
S | ] © %8¢ ]
= L | & r #
Wo o5 4 Wosl ]
L i 0.4 } Boe . ]
0.9 B Single y i [ g ° ° InagngiIZr matched
L g 0.2 B angular and energy matched ]
: : : ry angular matched, merged y ]
L i O - angular and energy matched, merged Y
0.85H‘\H‘\H‘\H‘\H‘I‘ . . .y eyl
0 20 40 60 80 100 0 20 40 60 80 100
Energy [GeV] Energy [GeV]

@ > 99% efficiency for unconverted photons
@ > 90% for >50 GeV converted photons
@ Further optimization may improve these numbers
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Vv d Tracker Layout

Comparison of the CLIC and FCC-ee tracking system
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