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Future collider projects

ILC project
Recent evolution of ILC project was to build a 250 GeV ee collider.
Evolution to reduce the initial construction cost.
Original ILC project, a 500 GeV to 1 TeV ee collider.
ILC TDR base physics studies scenario : 250 fb−1 at 250 GeV, 500 fb−1 at 500 GeV,
1000fb−1 at 1000 GeV.
Jet energy range in ILC larger than in FCC-ee.

Main differences
FCC has higher instantaneous and integrated luminosity.
ILC has beam polarisation.

Similar physics
ILC jets requirements ∼ FCC-ee jets requirements.
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Higgs decays

Higgs branching ratio
O(10%) O(1%) O(0.1%) O(0.01%)

gg (8.6%) γγ (0.23%)
τ+τ− (6.3%) µ+µ− (0.02%)

bb̄ (58%) cc̄ (2.9%) ss̄ (0.02%)
W+W− (21%) ZZ (2.6%) Zγ (0.15%)

Goal is to measure these BR at the percent or sub-percent level.
This requires very good jet flavor-id (b, c, gluon) and good di-jet mass resolution (W-Z id).

Higgs production
Higgs factory = Higgsstrahlung at

√
s ∼ 250 GeV.
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Jets requirements

b, c and gluon tagging
needed to access the H → bb̄, cc̄ and gg branching fraction.
needs good vertex detector.
ILC design goal on impact parameter resolution:

5µm⊕ 10µm
p(GeV )sin

3
2 θ

WW and ZZ Branching Ratio
Br(H→ZZ)=0.1 Br(H→WW). %-level precision:

I needs good di-jets mass resolution.
I so needs good jet energy resolution.

ILC design goal:
I 3 to 4 % resolution on jet energy above ∼ 50 GeV
I

∆Ejet

Ejet

.
30%√
E(GeV)

Goal met in ILD with High Granularity calorimeter and Particle Flow Algorithm (PFA).
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Reaching jet energy resolution

Particle Flow Algorithm (PFA)
ILC/FCC physics program requires W/Z→ qq̄ mass separation.
⇒ jets resolution [50, 500] GeV better than ∼ 3− 4 % ∼ 30%/

√
E.

Use optimal sub-detector for jet energy estimation :
tracker (∼ 60%), ECAL (∼ 30%), HCAL (∼ 10%).

Separate energy depositions from close-by particles.

TESLA ZZ-WW mass separation

Extensive studies have been done with ILD detector option 1
and PandoraPFA algorithm.
At higher jet energy (E&100 GeV), dominant contribution to
resolution is confusion.
See Steven Green, Cambridge University Thesis 2017

58 Particle Flow Calorimetry for Future Linear Colliders
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Figure 3.16: (a) The energy resolution as a function of photon energy for the silicon ECal
option. The black markers indicate the energy resolutions for the full ILD
simulation. The solid red line shows the test beam parameterisation of the
ECal energy resolution and the blue shaded region indicates the uncertainty
on the test beam parameterisation. (b) The energy resolution as a function
of photon energy for the scintillator ECal option. The black markers indicate
the energy resolutions for the full ILD simulation. The solid red line shows
the test beam parameterisation of the ECal energy resolution and the blue
shaded region indicates the uncertainty on the test beam parameterisation.
(c) The energy resolution as a function of neutral hadron energy. The black
markers indicate the energy resolutions for the full ILD simulation, with the
silicon ECal option, which was determined using K0

Ls. The red solid line
shows the test beam parameterisation of the HCal energy resolution, which
was determined using π± s. The blue shaded region indicates the uncertainty
on the test beam parameterisation. (d) The jet energy resolution (RMS90) as
a function of jet energy using the nominal ILD model, with the silicon ECal
option. The intrinsic energy resolution and confusion contributions these the jet
energy resolutions are also presented. The black dotted vertical line on the single
particle energy resolutions shows the highest energy particles used in the test
beam measurements. The test beam parameterisation data was taken from [59].
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Electromagnetic calorimeters for ILD See Vincent’s
talk yesterday

Some CALICE ECAL prototypes

ILD option 1, CEPC baseline

Silicon W-ECAL

Towards technological prototype
15 (→ 30) layers, W absorber.
525 µm thick Si-wafer, 5× 5 mm2 pads
read by 12 bit ADC.
18× 18 cm2 active area.

ILD option 2, CEPC option

Scintillator Strip W-ECAL

Towards technological prototype
30 layers, 3.5 mm thick W + 1-2 mm thick
scintillator.
strip 5× 45 mm2, alternating orthogonal
orientation (effective cell size 5× 5 mm2).
Multi (1600) Pixel Photon Counter reads 9
strips.
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Hadronic calorimeters for ILD See Vincent’s
talk yesterday

Some CALICE HCAL prototypes

ILD option 1

Scintillator HCAL (AHCAL)

Towards technological prototype
38 layers, Steel or W absorber, 5 mm
thick scintillator tiles.
Tiles size 30× 30 mm2.
Active area 90× 90 cm2

Tiles read by 16-bit ADC.

ILD option 2, CEPC baseline

Gaseous SDHCAL

First complete technological prototype
50 layers, steel absorber, 3 mm thick
Glass Resistive Plate Chamber
1× 1 m2 active area.
Cell size defined by embedded readout
electronic :96× 96 pads of
10× 10 mm2 per m2, 2-bit readout.
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PFA energy resolution

Jet component fractions have
large fluctuations.

To simplify, assume two components, a charged one,
fraction Fch, measured by the tracker with response Rtr
and a neutral one, fraction 1− Fch, measured by the
calorimeters with response Rcalo

Ereco = RtrFchE +Rcalo(1− Fch)E

with mean response Rtr = 1 + btr and Rcalo = 1 + bcalo

Ereco = E + E
(
btrFch + bcalo(1− Fch)

)
Uncertainties

V ar(Ereco)︸ ︷︷ ︸
σ2

Ereco

= V ar(Rtr)Fch
2
E2︸ ︷︷ ︸

σ2
Etracker

+V ar(Rcalo)1− Fch
2
E2︸ ︷︷ ︸

σ2
Ecalo

+V ar(Fch) (btr − bcalo)2 E2

Confusion :
assign neutral calorimeter hits to charged particles : bcalo ↘⇒ Ereco ↘, σEreco ↗
assign charged calorimeter hits to neutral particles : bcalo ↗⇒ Ereco ↗, σEreco ↗
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ILD optimisation studies with PandoraPFA

122 Calorimeter Optimisation Studies
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Figure 6.1: The energy resolution as a function of ECal cell size for 100 GeV photons using
the nominal ILD detector model with (a) the silicon and (b) the scintillator ECal
option.

considering the intrinsic energy resolution and confusion contributions to the jet energy
resolution. These contributions are shown as a function of ECal cell size for 45 and
250 GeV jets in figure 6.3. It is clear from these contributions that the intrinsic energy
resolution of the detector does not change when varying the cell size, which agrees with
both prior expectations of calorimeter behaviour and the single particle energy resolution
study. As expected, it can be seen that the trend in jet energy resolution as a function
of the ECal cell size is being driven purely by changes to the confusion contribution and,
in particular, the confusion caused by the reconstruction of photons.
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Figure 6.2: The fractional jet energy resolution as a function of ECal cell size for various jet
energies using the nominal ILD detector model with (a) the silicon and (b) the
scintillator ECal option.

Calorimeter Optimisation Studies 131

This is particularly clear at high jet energies where the confusion contribution to the jet
energy resolution dominates that of the intrinsic energy resolution contribution. At high
jet energies smaller HCal cell sizes leads to a reduction in the effect of confusion; the
confusion contribution to the jet energy resolution is reduced by ∼ 25% when reducing
the HCal cell size from 100× 100 mm2 to 10× 10 mm2. At low jet energies the trend is
less clear, as the confusion contribution is less dominant. Nevertheless, a reduction in the
effect of confusion with decreasing cell size is still visible for all but the smallest HCal
cell size. The most likely cause of the increase in confusion for the smallest HCal cell size
at low energies is the tuning of the PandoraPFA algorithms to the nominal ILD HCal
cell size. For both the 45 and 250 GeV jets, the photon confusion does not depend on
the HCal cell size. This indicates that changes to the confusion term seen when varying
the HCal cell size are related solely to the reconstruction of hadrons.

HCal Cell Size [mm]
0 50 100

) 
[%

]
j

(E
90

) 
/ M

ea
n

j
(E

90
R

M
S

2.5

3.0

3.5

4.0

4.5

5.0

45 GeV Jets 100 GeV Jets

180 GeV Jets 250 GeV Jets

Figure 6.8: The jet energy resolution as a function of HCal cell size for various jet energies
using the nominal ILD detector model.

A comparison of the results from the ECal and HCal cell size optimisation studies
shows that the jet energy resolution has a stronger dependency on the ECal cell size than
on the HCal cell size; increasing the nominal ECal cell size by a factor of three makes
the jet energy resolution for 250 GeV jets worse by ∼ 20%, while increasing the nominal
HCal cell size by the same factor makes the jet energy resolution worse by ∼ 12%. This
is to be expected as in the particle flow paradigm ≈ 30% of jet energy is recorded in the
ECal, while only ≈ 10% is recorded in the HCal. Consequently, the potential effect of
double counting and omitting energy deposits, i.e. confusion, is greater in the ECal than
the HCal. Therefore, minimising confusion in the ECal is expected to be more crucial for
the overall jet energy resolution, which is what is observed. Furthermore, as PandoraPFA
groups calorimeter hits together using a cone clustering approach, identifying the start of
a particle shower is key for determining how calorimeter hits are grouped together deeper

Jet energy resolution
for varying cell size.

↖ Si-W ECAL
↑ Scintillator ECAL
← Analog HCAL
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Jets in CEPC

Jets reconstruction in CEPC
Baseline detectors Si-WECAL and SDHCAL.

Geometry ILD option 2, ”Videau” Gerometry.
PFA ARBOR

Jet algorithm Durham.
Contrary to PandoraPFA jet studies with ILD, CEPC jet studies uses jet algorithm.

DETECTOR CONCEPTS 131

(a)

(b)

Figure 3.8: The (a) r–z and (b) r–� view of the baseline detector concept. In the barrel from inner
to outer, the detector is composed of a silicon pixel vertex detector, a silicon inner tracker, a TPC, a
silicon external tracker, an ECAL, an HCAL, a solenoid of 3 Tesla and a return yoke with embedded
a muon detector. In the forward regions, five pairs of silicon tracking disks are installed to enlarge the
tracking acceptance (from | cos(✓)| < 0.99 to | cos(✓)| < 0.996).

OBJECT IDENTIFICATION AND PERFORMANCE 307

Jet energies are foreseen to be calibrated through a two-step process. First, calibra-
tions are applied to particles identified by ARBOR. While the energies of the charged
particles are determined by their track momenta, the energies of neutral particles are cur-
rently calibrated using MC simulation and can be calibrated using the test beam or col-
lision data when they are available. Approximately 35% of the jet energy is carried by
neutral particles. In the second step, the jet energy are calibrated using physics events.
At the CEPC, W and/or Z bosons are copiously produced and can be identified with high
efficiency and purity. Thus W ! qq̄ and Z ! qq̄ decays serve as standard candles for
the jet energy calibration. Clean samples of WW ! `⌫qq̄ of the Higgs factory and WW
threshold scan operations, ZZ ! ⌫⌫̄qq̄ of the Higgs factory operation, and Z ! qq̄ of
the Z factory operation can be selected. The enormous statistics allows the jet response
to be characterized in detail.

Figure 10.11(a) shows energy ratios between the reconstructed jets and MC particle
jets for different polar angles derived from the simulated ZZ ! ⌫⌫̄qq̄ events. The ratios
are close to unity and the corrections are < 1%. The jet energy resolution is shown in
Figure 10.11(b) as a function of jet energy for different jet flavors. For light jets, the res-
olution ranges from 6% at 20 GeV to 3.6% at 100 GeV. The resolutions for heavy-flavor
jets are poorer as expected because of neutrinos in their decays. Major factors affecting
the jet energy scale and/or resolution are jet flavor composition, shower fluctuations, clus-
tering algorithm as well as the stability and uniformity of the detector responses. Their
impacts can be minimized by detailed studies and calibrations. A sub-percent level jet
energy scale precision and a jet energy resolution of 3–5% for the jet energy range of
20–100 GeV should be achievable.
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Figure 10.11: (a) The energy ratios between the reconstructed jets and MC particle jets as functions
of cosine of their polar angles and (b) jet energy resolution as a function of jet energy for different jet
flavor categories. These distributions are derived from the simulated ZZ ! ⌫⌫̄qq̄ events. The energy
ratios are shown for leading and subleading jets separately.

One key jet performance measure is the ability to separate hadronic decays of W ,
Z, and Higgs bosons. Figure 10.12(a) compares the reconstructed dijet invariant mass

Alternative option for CEPC detector : IDEA
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ILC versus FCC/CEPC

Being linear
Lower luminosity but beam polarisation.
Most of the time idle

I Time to read data : triggerless
I Time to cool : embedded electronics with

power pulsing =⇒ no cooling,
More homogeneous calorimeters

Being circular
Higher luminosity :

I higher particle flux
I Data volume : 6= DAQ/trigger system

Never idle
I Data rate : continuous readout,

trigger/data paths
I Add cooling or don’t embed electronics

Example of R&D option for circular with SDHCAL

Multigap GRPC

Efficiency = 94%

Cooling issue
Add water cooling inside absorber.
Replace part of the absorber with
copper plates.
Power hungry electronics on the side
coupled to intertwined strips on PCB.

Also add precise time measurements for 5D calorimetry
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Outlook

Jet reconstruction with resolution below 4% has been achieved by ILD above ∼ 50 GeV and
CEPC above ∼ 70 GeV.
Such resolution requires PFA and high granularity calorimeters.
ILD PFA studies tends to show that the limiting factor is confusion in HCAL.
Various R&D strategies can address that limit like reducing cell size or adding precise timing.
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Backup
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Higgs at
√

s =240-250 GeV

Higgsstrahlung

Dominant production mode.
FCC luminosity 5 ab−1.

Cross-section ∼ 200 fb.
One million Higgses.
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Relax the jet energy resolution ?

Does the higher FCC-luminosity allow to reduce jet energy resolution and not distinguish Z and
W di-jets ?
Let’s assume, W and Z are not hadronicaly separated.

BR(H→WW)
ee→ ZH

I Z→ ff̄ with f = e, µ, q: BR=0.766
I H → WW∗: BR=0.215

F W→ lν with l = e, µ: BR=0.20
F W∗ → qq̄′: BR=0.67

106 H ⇒∼ 22000 events
⇒ σstat < 1%.

BR(H→ZZ)
ee→ ZH

I Z→ ll̄ with l = e, µ: BR=0.066
I H → ZZ∗: BR=0.026

F Z→ ll̄ with l = e, µ: BR=0.066
F Z∗ → ff̄ with f = e, µ, q: BR=0.766

106 H ⇒∼ 90 events
⇒ σstat ∼ 11%.

Allowing the first Z to decay in quarks:
106 H ⇒∼ 1000 events

⇒ σstat ∼ 3%.

Reaching percent-level precision on BR(H→ZZ) requires W-Z identification in hadronic
decays.
Extract Higgs total width by combining σ(HZ) and BR(H→ZZ) measurements.
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Understanding the jet energy resolution needed

ee→ZH→ZVV full hadronic
Reconstruct Z in ee, µµ or qq̄ and H in 4 jets.
106 ZH events yield ∼ 74000 H→WW and 9800 H→ZZ.
A 1% contamination of ZZ by WW implies less than 98/74000=1.3×10−3 fraction of W
events reaching the Z mass.
1.3×10−3 ∼ 3σ
σ = mZ−mW

3 = 3.45GeV ⇒ 3.45
mW

∼ 4.2% mass resolution on hadronic vector bosons.

In fact, slightly better is needed to take into account both Z and W mass peak width.
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